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1.0 INTRCDUCTION

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

investigations.

2.0 The Free Electron

It 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 giffers from the chronological evelution, the
presentation and understanding of the argument Is very much
simplified and expenditure in terms of both finance and time

is reduced to a minimum.

Series A starts with a simple Thermionic Effect experiment in
air; thls dictates the need for an evacuated experimental zone
and the ‘thermionic diode |s Introduced, followed by the ¥riode
and the devetopment of a simple diode electron gun. Producing
free electrons in thls manner a series of crucial steps is
recommended and all the experimental apparatus necessary o

perform these steps is available.

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

the next crucial step.

At the culmination of Series A the electron has been producad
and "weighed and measured"; but during the series, the phenom-
snon of the glowing of & luminous screen Is not explained and
similarly a timitaticn of 5000 volts Is seemingly arbitrarlly
imposed for accelerating voltages. The discriminating phy-
sicist will seek both an explanation to the luminescence and

a varification that the properties of the electron are un-
changed by accelerations induced by more than 5000 volfts.

3.0 The Bonded Electron

A re-examinetion of the Luminescent Tuba, TEL 522 introduces
SERIES 8, "A CONCEPT OF THE ELECTRON WITHIN THE ATOM", Isading
to field emlssion, l|sotopes 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

raquired when a potential difterence of 30,000 volts is |mposed
" across the c.afhoda and anode,

Ih November §895 similar very high accelerating voltages were
being employed by Professor Wilheim Rintgen in his laboratories
at Wlirzburg in Bavaria.

Clearly the use of 30,000 volts will introduce a hazard to
héalth and through Rintgen's work it is known that addltional
hazards will exist which require the use of special apparatus -
the TEL-X-CMETER, TEL 580.

50 TEL-X-OMETER, TEL 680

The packaging of the instrument has been carefully designed to
ensure that units are delivered in the same condition as they
leave the tactory. 1f any damage is apparent when the packing
case is opened the supplier of tha 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 all the kits within the large Accessory Box,
marked TEL 582/3/4.

6.0 COMMISSICNING THE INSTRUMENT

Li#t 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 Malns Power Supply

Attach a plug 1o 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 Indlcates the correct mains
voltage; to re-adjust the selector pull out the black plug
and replace, with the arrow pointing towards the legend which
corresponds to the power supply avallable In the laboratory.
Check that both the Power Fuse and the EHT Fuse are securely

screwed in.

6.2 Radiation Warning Sign (Ref, ICRP Publication 13, para 20)

Remove the yellow, black and white radiatlon warning card from

the top lining board of the packing case; cut out the appro-

priate sign and afflx to "the entrance to the enclosure or
room containing the Tei-X-Ometer".

6.3 Machanical Inspection

The transparent plastics Radlation Scatter Shleld which com-
pletely encloses the experfmental zone (ref: ICRP para 17} Is
normatty locked in the 'safe® position by a ball~ended splgot.

This spigot locates In a key-hole shot situated behind the
alumintum back-stop displaying the International Radlation
Symbol {(ref: ICRP para I9 and ses Fig.l}.

To open the unit the entire Scatter Shleld should be displaced
sideways with respect to the hinge; the spigot wlll automatic-
ally line up with the left hand or right hand relsase port and
the Shield can be |1fted; the cover [s salf-supporting when

it has been |1fted beyond the vertical |ine of the hinge.

Check that no vislble screws have been locsened in transit;
that the spectrometer arm can be moved around to the scale
limits in both directleons; that the lenses on the signal lamps

are tight ete. -

Lower the Shiald to the locked ‘operating' position; repeat
the opening procedure In the oppesite dirsection.

8.4 Safety Intarlocks {ref, ICRP para 18)

To become fami!liar with the Interlock system, displace and
open the radiatlon Scatter Shield and remove the twe screws
which retaln the hinge cover plate, see Fig.|; remove the

plate.

Open and close the Scatter Shield observing the operation of
the interlock system at the hinge; note the bal | and socket
indication of the central position; note that the Shield can—
not be moved in & sldeways direction when it |s open; note
the "fail-sate" duplication of interlocks. Replace and screw
down the hinge cover plate.

Using a wide btaded screw driver turn the large screw-heads
located at each side of the fead-glass dome, ses Fig. §; note
that each screw-head controls a plastics plate which locks the
glass dome in position and at the same fime 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 {raf; 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
¥=ray tube and the POWER-ON lamp (WHITE) will be illuminated.

6.6 Condensation

After the instrument has experienced changes in the temper-
afure and tha humidity of the surrounding alr a slight conden—
sation is scmetimes apparent inside the lead-glass dome; tThe
Tel-X-Ometer warms up after a short period In operation but at
no tlme should any part of the Instrument seem too hot to the
touch of the hand.

The operating temperature is sufficient to evaporate any con-
densation and it is therefore recommended that only the fila-
ment is energlse& for the first tive minutes; 1f, on depress-
ing the X~RAYS ON button {RED}, a faint 'crackling' nolse Is
heard then some electrical discharge due to dampness is
evident and the eguipment should be allowed fo run for a
further five minutes with only the fllament operating.

8.7 X-Rays On/X-Rays Off Procadure (ref: ICRP para 18)

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

Replace the Shleld in the central locked pesitlon and depress
the X-RAYS ON button; the X=RAYS ON ifamp (RED) will be IIlum-
Inated.

1f, at the flrst attempt, the red lamp does not illuminate,
check that. the Shleld is correctly centred; if centrallisatlion
is not properly effected the micro-switches at the hinge will
not activate the EHT clrcuit ard the red lamp will not illum-
Inate; centrallse the Shield correctly and agaln depress the
X-RAYS ON button,

6.8 Electronic Charge Persistence

The EHT ror the unlt Is derived from a solid state invertor
circuit, foflowed by a Cockcroft-Walton type meltiplier to
provide a smooth d.c. output. In operation, the capacitors
In this circuit become charged; the EHT clrcult 1s well In~
sulated for 30,000 volts and when the EHT js switched off the
charge on these capacitors persists for many heurs. In the
absence of special precautlons, this charge would be a hazard
te technicians who may wish to parform service work on the
electronic clrcult or to change the X-ray tube; there would
also be a radlatlon hazard 1f the fllament should be energlsed
soma hours after the unlt had been switched off whereupon an
X-ray pulse would be-emitted whether the Shield pbe safely in
position or not.

A special protectlon circult has therefore besn incorporated
which provides a short energy-pulse to the fllament immed|ate-
ly after the power to the unit has been disconnected; this
pulse serves to discharge the EHT clrcult and can be observed
as a bright flash each time the instrument is de-energised by
switching off the "POWER-ON" contral.

6.9 Visible and Audible Signats (ref: ICRP para 18}

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

the instrument.

The EHT generator operates at high frequency (R.F.} which pro-
vldes an audivle indication that the instrument is operating.

An additional external and even remote indicator can be con-
nected, it required, by inserting the jack-plug provided into
the "monitor fube ‘current"” socket recessed in the control

panel; any such externel circuit must operate at 50 uA, the

normal tube current.
6.10 Radiation levels {ref: ICRP para 17}

It it is desired to monitor the radiation level around the
instrument, due attention should be directed to the R.¥. field
which can induce false readings in the radiation monitor; to
verify the readings observe the effact of a piece of lead
sheet in various positions about the detector; if the read-
ings can be made fo fatl below 0.5 mR/hr at a distance of 50mm
from the external surfage without placing the Isad directiy
between the detector and the X-ray tube anode then the R.F.
flald is "swamping" an otherwlse "safe level" reading.

The Tel-X~-Ometer is certitied by the British National
Radiation Protection Board as complying with all Codes of
Practice recommended by the International Commisslion on
Radiological Pr;ofecﬂon; the instrument is atso approved by
the British Go'w-arnmen'r Department ot Education and Sclence for
use in ed_ucgi‘rlonal establ Ishments under the provisions of
Administrative Memorandum {/65.

6.11 Manufacturer’s Seriat Number

The Tel-ﬁ(—-()me-rer‘ Is convectlon cooled, the alr belng drawn in
through a wire mesh underneath the unit and expelled around
the perimeter of the top of the cyllndrical metal hdusing.

The Serial Number of each unit is vislble through the wire-
mesh on the underside of the instrument and is affixed to the
shroud of the &HT transformer.

7.0 SERVICING & MAINTENANCE

As with all Teltron equlpment the Tel-X-Ometer has been deslgn=-
ed to withstend the abuse and mlsuse which al{ apparatus used
for course demonstration and student practical work tradition-
ally experlences and it wli1 oparate for long periods withouwt
the need for maintenance.

Some [tems however will require attention a% some time durlng
the useful 1lfe of tho Instrument - the two indicator lamps,
fuses, the relay and the X-ray tube.

The Indicator lamps and the X~ray tube have a nomlnal Ilfe in
excess of 1,000 hours and replacement will be Infrequent.

7.1 Replacement of “POWER-ON" and “X-RAYS ON"" Lamps.
Swltch off and disconnect from mains supply.
Open Shleld and unscrew the coloured pol ystyrene lens.

With the end of a plece of stitf plastic tubing about 10mm in
dlameter unscrew and remove the bulb.

Similarly insert and screw in the new bulb.
Replace lens.

7.2 Replacament of “POWER FUSE" and "EHT FUSE"

These fuses are readi ly 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.

Neote that the EHT fuse (see circuit diagram, FS$.2) must be
either a
| Amp, Delay Type {original ly supplied)
or 2 Amp, Quick Blow Type.
The enly 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 Accass to the Efectronic 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, 'lccated at the back of the apparatus underneath
the hinges, see Fig.|.

Carefuliy 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 Marwal Control, made of

orange plastics matertal.

From inside the hinge chamber remove the two screws used for

terminating the drive-cord.
Close the Scatter Shield.

Lavert the instrument cnto a piece of soft cloth and remove
the four screws fixing the flange of the cylindrical body to
the base-casting of the spectromefer table,

Lift 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 circult board are now

accessible.

7.4 Replacement of Fuselink F8. 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.

It will require replacement only if the output terminals of the
stabiliser are shorted externally or if an infernal short
ocecurs in the stabiliser circuit itself.

FUSE TYPE: 2 Amp Quick Blow Type.

7.5 Raplacement of Interlock Relay

The relay contrals the interlocked switching of the ERT gener-
ator and the correct function of the safety discharge clrcuit.

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 wmore obscure faults the In-
strument should be returned to the supplier.

8.1 Elementary Fault: indicator lamp fails to operate
and The tube tilament fails to
ilfuminate.

Possible Causes: Mains plug defective.

Timer switch not operated.
Power fuse defective.

Dicde bridge D2 -D5 or D6 -D9
defective.

Transformer T.) defective,

8.2 £lementary Fault: "PCWER ON" lamp fails to operate
but tube fllament does illuminate.
Possible Causes: Indicator lamp defective.
EHT fuse defeciive.
[HT.STabiIiser defective.
EHT cscillator defective.
Operate "X-RAYS ON" momentarily and observe "X—RAYS ON" lamp -
switch oft instrument. )

1 f lamp operates, then "FOWER ON"

lamp or the associated wiring is defective.
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If X-Rays On lamp does not | l{umin-
ate, check EHT fuse; if replacement fuse biows when power Is
switched on, check EHT stabiliser.

I'f EHT fuse blows check oscillator
transistors for VCE short or coilector to chassis short.

"POWER ON" |amp operates but tube

8.3 Elementary Fault:
o, tilament fails to illuminate.

.Possible Causes: Tube pin contact dafective.

Tube heater coil defective; chack
continuity,

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

check heater supply on pins 6 and 13.

9.0 REPLACEMENT OF X-RAY TUBE, TEL 681

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

Ef a tube is being replaced due fo 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 pot operating, the
capacitors In the EHT clrecult must be allcwaed sufficient time
to discharge.

9.1 Disconnect the unit from main supply.

9.2 Displace and cpen the Scatter Shield {see 6.3) and re-
move the lead glass dome (see 6.4).

9.3 It a tube is being replaced, carefully lift off the top
cap connector and remove the tube by pulling in a vertical
direction.

9.4 Examine the new tube and ensure that the anode has not
been dislocated in transit.

9.% Orient the new tuba such that the bubble window Is facing
the crystal post; then push the pins of the tube info the base
connector, ensuring that the axis of the helical filament 1s in
the direction 26 = @ = 0°,

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

portant feature to line up is the fltament.
9.6 Carofully replace the top cap connector.
9.7 Replace the lead glass dome and lock In positlon.

9.8 Place the | mm Collimator, TEL 582.001 in the Baslc Port
with the slot HORIZONTAL.

9.9 Place the | mm Collimator SVide, TEL 562.015 at E.S.I13
with the slot HORIZONTAL.

9.10 Mount the G/M tube and holder at E.5.22, Comnect to

the Ratemeter (polarising supply about 420 volts).

9.1t Seleet 30KY 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 Tubs Current’

jack socket on the control panel, using the Jack plug provided.
9.13 Switch Power On; the filament should be [lluminated if
the time switch is not in the off position; If It does not

illuminate, proceed as In para. 8,0.

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

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

B8O pA and set at 50 pA.

IF THE TUBE CURRENT CANNOT BE VARIED UP Y0 80 uA REPORT THIS
TO THE SUPPLIER OF THE INSTRUMENT. {Ad justhent can be under-

taken by a frained technician).



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

hinge extenslon.

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

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 fthe tube;
obtain a peak count rate and replace the black grummet.

Before commencing experimental work with the Tel-X-Ometer,
carry out the "t+i|t" adjustment procedure as detailed in para
14.0.

10.0 EXPERIMENTAL TECHNIQUES
10.1 Prirmary Beam:

Tha X-ray emlssion from the tube is ccliimated at the lead
glass dome to be a clrcular beam of Smm diameter, see Fig.l;
this primary beam diverges from the Basic Port to glve a use-
ful beam diameter at the Crystal Post of |5mm diameter, at
Exparimental Station (ES) 13 of 20mm diameter and at Experimen—
tal Station (ES) 30 of 38mm diamater.

Yhere the primary besm impinges on the lead back-stop It has a
diameter of 60mm and a penumbral width of approximately 20mm.

With the unit operating at 30k¥ and 50 uA the Intensity of
radlation 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 collimated to a fine circular beam
using the Imm diameter Collimator JEL 582,002 and to a ribbon
beam using the Imm Slot Collimator, TEL 582.001; each of
these colllmators Is installed by inserting the 'G' ring shank
tnto the Baslc Port and pushing I+ home; +the '0' ring retains
the colllmator in position and ailows exchange of "the col- &
| imators even when they become warm.

The collimators should be rotated when they are inserted to
vnsure that they are securely seated.

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

rlcal rlbbon.

10.3 Secondary Collimators:

There are two secondary collimators, a twm Slot Collimator,
TEL 562.015 and a 3mm Slot Collimater, TEL 562.0l6.

Each of these collimators is slide mounted and can be
positioned in any E.S. on the Spectrometer Arm.

Always use an E.S, Spring Clip, ses Fig.l, when posltioning
these collimators (and indeed any of the experimental stides)
o 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.5. Spring Clips can be easily repositioned by springing
open the toothed Jaw on the outside face of the plastics car—
riage. 5lx of these E.S. Spring Clips are provided, four on
the Spectrometer Arm and two on the Auxlliary Carriage.

10.4 Auxitiary 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}
Auxiliary Carriage is placed over the Dasic 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 Collimators. In this mode the axis of the cehtre of
each experimental stide is HORIZONTAL and is franscribed by

the X-ray beam.

Note that the Carriage Arm is now restricted to a maximum 20
angte of 100°. :

Made V {Vertical)

Carrlage is placed over the minor diameter ot the Knurled

The end face of the Auxiliary

Clutch Plate screwed over the Crystal Post, see Fig.l; the
In this
mode the axis of the centre of each experimental slide is
VERTICAL and co-Inclident with the pivot axis of the spectro-'

crystal mounting jaw and screw should be removed.

meter table.

The X-ray beam now passes through the slides at right angtes
to the centre line axis. The height of the Auxiliary Carriqge
can be adjusted by screwing the Clutch Plate up or doyn accord-
ingly. ’ '

v
10.5 Kpurlad Clutch Plate

When the Clutch Plate Is screwed down It exerts pressure on a
spring plate which In turn eagages the 2:1 spectrometer drive
mechanism.  When |t |s unscrewsd i+ disengages the drive
machanism. This permits the Crystal Post to be.hmanually
positioned in any desired orientation with respect to the

Carriage Ara.

10.6 The 2:1 Spectrometer Mechanism:

Opan the Scatter Shield and rotate the Carrlags Arm until the
cursor gives an accurate no-parallax zero reading on the 20

scale.

Release the drive by unscrewing the Clutch Plate end push the
Slave Plate (the [nner rotating plate engraved with two datum
lines, see Flg.l) round until the datum 1ines are accurately
opposlte the zeros on the @ scale. It may be necessary to

"mean out" small zero-reading differences on each side of the

g scale.

Chack that the Carriage Arm cursor Is stilt st zero on the 20
scale and screw in the Clutch Plate to engage the 2Z:1 drive

mechan i sm.

Now rotate the Carriage Arm through 90° (26) and note that the
crystal Slave Plate moves through 45° (9.

10.7 Choice of operating side:

Close the Scatter Shield ~ note that the Shield can be dis=
placed In twe 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
normaliy freely rotates, is eliminated on one side of the
instrument, depending on the direction of displacement at the

hinge.

To transfer the Carriage Arm Yo the opposite side, rotate the
arm to the smallest angle ppssible, about e {26); now open
the Shield by 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 Manwal Control; measuréements can be made at

the cursor to an accuracy of i5 minutes of arc.

To achieve fine adjusiment of the Carriage Arm, rest the hand
on the base flange of the Tel-X-Ometer or on the bench fop and
using the thumb rotate the knurled aluminium drive wheel pro-

truding from the Manual Control.



To achieve fine measurements |ine up-the cursor exactly on the
most convenient 20 graduation which is central within the
region requiring detailed examination; hold the Manual Control
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 Wheel can be moved * 4° 120) about the preset
centre line by an amount which ¢an be messured at the Thumd
Wheel scale to an accuracy of 9 minutes of arc; this amount
should be added or subtracted from the selected cursor setting

according to the direction of movement ol the arm.
10.8 Wounting 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 15 THAT FACE WHICH |5
COINCIDENT WITH THE CHAMFER ON THE POST.

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

Place the square flange of the holder In E.5.26 on the carriage
arft wlthout use of an ES Spring Clip, ensuring that the co-
axlal cable is leading out from the underside and that the end-
window of the G/M tube is facing the Crystal Post. I+ is
advisable to leave the plastics guard over the end=wlndow un-

less very feeble count rates are to be monitorad.

The co=axlal cable can be tralled out from the Shield beside
the Manval Control.

10,11 General Facilities:

There are two radlation-proof ports located at each end of the
hings cover piate for introducing large cables, vacuum pipes,

ete. into the experimental zone.

There are four blind holes on the surface of the spectrometer
table ftor the mounting of innovative experiments of the
teachers' or pupils' choice; these holes are 4mm diameter,
located around the © Scale and marked A, B, C and D.

11.6 MONITORING INSTRUMENTS:

Ouring 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 Fluorlde crystal.

Count rates of up to 500 cps are more normel for the other
three crystals, NaCl, KCI or RbCI.

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

+the "whale-back" down to 10 cps at the fail-off.

For crystal lography experiments therefore a Raetemeter capable

of integrating up to 2000 cps is recommended.

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

that the normal intensity of radiation will saturate the G/M
tube; the MX168 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 9 uA fo prevent
saturation and achieve a count rate of about 7,000 cps. For
quantitative experiments in the main beam therefore a Ratemeter

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

The X-ray tYube current should NOT be adjustaed'without monitor-
ing the current, using the jack-plug provided and an external
100 yA or 150 pA meter,

5,

NEVER EXCEED 80 MICROAMPS.

The polarising supply for the MX168 G/M tube should be
varfable trom 250 to 450 volts d.c.; the threshhold voltage
is about 370 volts d.c.

When varying the tube current from 20 to 80 wA the EHT will

remain constant within 5% of the selected value, 20 or 30 kY.
Conversely, when varying the EHT trom 30 to 20 kV the regulat-
ion i5 such thst the tube current will rema-in constant within

5%,
12.0 OPERATIONAL ALIGNMENT:

The Tel-X-Cmeter has been carefully aligned during the final
stages of factory inspection; but to verify that the pre-set-
alignment has not been disturbed during transit it is recom=
mended that the followlng tests be performed.

12.1 Place the Imm Collimator, TEL 582.001 in the Basic Port
and the [mm Collimator Slide, TEL 562.015 at E£.5.30 and ensure
‘that both collimators are vertical.

12.2 Zero-set and lock the Slave Plate and the Carrlage Arm
cursor as preclsely as pessible.

12,3 Spring a Spindle Clip TEL 567.008 over the chamfared
Crystal Post end carefully insert a Glass Fibre TEL 567.004 to
be truly vertical, see Fig.3.

12.4 Wlth the Scatter Shield open, operate the PONER ON
switch and sight through the collimators to vlew the reflec-
tion of the tube filament In the copper target anode.

The Glass Flbre shouid normally be observed as central in the
"viewing column" created by the iwo coll imators, i.e. the
direction of the primary beam and it should be possible to
obfaln 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 Fibra and the Spindle Clip.

13.0 EXPERIMENTAL VERIFICATION:

Mount the Lif Crystal (Blus) in the Crystal Post (see "Induced
Distocation", Part 2, para D.27.30).

13.1 Check that the cursor is at zero reading {26) and agaln
sight through the colllmators; the dlrection of the primary
beam should lie in the surface of tha crystal, as doas the

axis of rotation.

13.2 The normal to the reflecting face of the crystal should
bisect the angle between the primary beam and tha centre line
ot 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 chamfered Crystal Post protrusion.

13.3 Move Collimator {Imm) 562.015 to E.S_.IB and mount
Colblimator (3mm) 562.016 at E.S.13,  Mount the G/M tube and
Holder at £.5.26.

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.

(4]
13.5 Move the Carriage Arm through at least 15 (28) in the
direction to detect 8ragg Reflaction.

13.6 Ciose and centre the Scatter Shield.

13,7 Depress the "X-RAYS ON" putfon; +he RED signal lamp

should be illuminated.

13.8 Verify that a strong CuKa retlection (high ratemeter
count rate} is evident at a 20 angia of 45° + 30'.

Record thoe 29 angle of the pesk retlecticon.



IF THE PEAK OF THE REFLECTION LECS OUTSIDE THIS TOLERANCE
THEN THE X-RAY TUBE SHOULD BE ADJUSTED FOR 'TILT' AS IN PARA.
14, P

Wow record the squivalent reflection on the opposite side of
the table.

13,9 Return the Carriage Arm to about 12°°420) and ocpen the
Shield by displacing it away from the arm.

13,10 Unscrew the Clutch Piate, rotate the Slave Plate (and
thereby the Crystal) through 180° and sgain zero-set the Slave
Plate and the Carrlage Arm as precisely as possible.

13.11 Repeat stages 3.5 to 13.8 and record the 20 angle of
the peak Cukea reflection. :

13.12 The Mean Reading of the reflections recorded at 13.8 and
13,11 should be 44% 561 + 121,

WHEN MAKING ACCURATE ANGULAR MEASUREMENTS EXPERIMENTAL ERRORS
SHOULD BE MINIMISED BY EMPLOYING THIS TECHNIQUE OF TAKING A
MEAN OF THE EQUIYALENT 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 {28) to an accuracy
of + 4%,

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 |3 to ensure that no alignment errors have been

introduced.

4.1

the hinge extension.

Remove the upper black rubber grummet located just below

The screw-head thus exposed controls the "tiIt" of the X-ray
tube about a central position.
14.2

the reading measured at para.
(28) for LifF of 44% 56',

Set the cursor of the Carriags Arm at the exact mean of
13.8 and the true Bragg anglie

14.3 Obtain & 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 tilt-control.

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

14.6 Vteratively repest paras 4.2, 14.3 and 14.4 untll the
cursor peak reading falls within the tolerance as°® + 30",

14.7 Refplh‘ace the black rubber grummet and carry out recom-
mendations 13.9 1o 13.12.

reflecting face

chamfered post

FIG. 2 MOUNTING OF CUBIC CRYSTALS

grease or gum

glass fibre

if mounting is toose
pach spindle clip with

spindle clip

chamfered post

FIG. 3 MOUNTING OF GLASS FIBRES
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PART 2 : EXPERIMENTAL MANUAL
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General intreduction:

i+ Is recognised that those educaticnal Institutions teaching
pure phys.lcs probably possess nelther the tima nor the desire
1o concentrate much attentlon on the application of X-ray
technology to industry or medicine; the converse may well
apply to those teaching ¥-ray radicgraphy.

The range of accessorles has therefore been divided into 3
groups, Kit TEL 582 belng of basic unfversal use and Klts 583
and 584 being for specialised application.

The experiments detailed In this booklst follow the teaching
sequence of Series D, The Production, Propertles and Uses of

-¥-rays; no claim |s made that thls sequence can provide

adequate coverage of the subject for atl levels of education
and it Is recommended that experlments are selected, dls-
regarded or embelllshed In accordance with the requirements

of the currlculum.

Experimental Notes:

For each Experimental Programme the recommended voltage and
current setting for the X~ray tube is indicated, together with
the relavant accessory kit required to perform the experiment.

A summary of thls latter information is tabled ., Appendix A.

Note that no re!lance should be placed upon the timerfor
photographic exposures of less than % minutes duration; the
timer has been Incorporated as a safety device and 11 is not
sufficlentty accurate for short exposures. Such exposures
can be initiated by depressing the "X-RAYS ON' button (RED),
ﬂmed uwsing a watch and terminated by displacing the Scatter
Shield sideways, with respect to the hinge, or by cperating
the 'POYER ON' switch.

EXPERIMENTAL PROGRAMME D1 TO D6, DETECTION (2 HOURS)

D1~ THE RONTGEN OBSERVATION (15 MINUTES):

Remove Crystal Pest and Jaw.

KIT 582+584 30 kY 5G yA DARKENED LAB

Cover the lead Glass Dome and both signal lamps with a plece
of Black cleth and perform these experiments in a well darkened

room ; allow sufficient time for observers to become dark-

adapted,

ol. Insert Luminescent Screen, TEL 582.003 In E.S.L3
with the phospher coating facing the X-ray tube;
locate the Carriage Arm in the axis of the beam,
(20 = O},

Switch on X-rays and observe the circle cf lumings=~
cence.

0.z Insert Screen in E.S.20. Remove the metal back

plate from Filn Cassette TEL £6Z2.031 and place the
Backsiop of the Cassette in E.5.13.

Observe an image of the backstop and itg supporting

wires on the soraen.

That barium platino-cyandide could be made fo "§luchesce” when
placed close 1o a high veltage dischange in, a fube containing
nanigied gas was discovened by Rovdgen in 1595, tfwe yeans
befone J. J. Themson succeeded in {sofaling the electnon.

9

Angunenis wene naging al that Lime negarding the nature of
cathode rays and the nefative mernits of particle and wave
theoties and Rontgen shnrewdly Labelfed the new 'hadiation
effect’ as X-aadiation, pending funthen enquiny as tfo Lts
naifune.

The name X-xnays 48 siifl in genenal wse today although the
title “Rovdgen nadiation" 45 aldc used.

Prof. Ronigen wagte: "...... behind a bound book af about one
thousand pages 1 saw the ffuonescent scheen Light up baightly,
the painter's ink offering scancely a noficeabfe hindrance”,

nl.z2 Invert the Screen at E.5.20 such that the phosphor
coatirg faces away from the X-ray tube and place two
or three pleces of printed news sheet batween the

screen and the fube.

Cbserve luminescenca.

In his paper pubfished in 1895, Ronigen also wrote "... the
X-nays proceed {rom that spot where the cathode nays stnike
the gloss wakl, T4 the cathode nays within the dischange
apparatus are degfected by means of a magret, it is observed
that the X-nays proceed from anothen spot - namely, from that
wiich i4 the new Zerminus of the cathode rays”.

Di.4 Perform "PIn-hole Camera Experlment" as detalled in

Experimental sProgramme D.32.

DE.S Make a right-angke bend In a plece of stesl strip ef
length about 5 cms and place the two magnets 562.008
tagether at the extremlty of one arm so constructed;
pass the other arm through a Cable Port on the hinge
plate - the magnet can be rotated from below the
Cable Port from a posltion near the Scatter Shield
side~wall to close to the Glass Dome, still covered
with the black cloth.

Replzce the film cassette backstep In positien E.S.I3.

Locate the Colflmator, 582.001, In the Baslc Port and
rotate the lmm slot to the vertlcal position.

Observe the image on The screen and its variatlion
when fhe magnets are moved close to the X-ray tube
thereby deflecting the source of X-radlation.

shadow of | Lfuminescent
backstop dcneen

NN

" deflected unde {£ected
Aimage : Amage.

The magnets should appreach the dome as low as
possible to the base flange in order to obtaln maxlmum

oeflection.

This senics of experiments foflows Sendes A where the productior
and the propenties of the fnee efectron have been studied; the
student will probably anticipate some evidence of high enengy
elections; he might jusiifiably believe that o hitherto
undiscovered propenty of the electhon {4 that at high enengies
it can peretrate the glass of the X-nay tube, the black efoth,

the newsheet and indeed the intervening ain.



Senies A commenced with the Theamionic Effect where {onisation
of ain brought about the discharge of an efectnoscope; Af
X-nays ane high speed efectrons then ean aih be ionited in a
sdmifen mannen?

D2 — THE SPARK GAP (10 MINUTES)

KIT 582 kY as specified 50 HA NORMAL  LAB

Attach fwo steel needles to the Auxiliary Slide Carriage, TEL
582,005 using adhasive tape as illustrated, with points placed

3mm apart.

Connect the pins to the positive and regative terminals of a
5,000 volt 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.

o2 In the absence of ary X-radiation, increase the d.c.

valtage from zero and note that a spark discharge
oceurs 2t abeut 4k¥Y; now reduce the voltage until

the spark ceases.

Dz2.2 Select 3CKkV and operate the 'X-PAYS OM' button.
Note that the presence of the X-rays precipitates
the spark cischarge.

Switch of f the X-rays by dislocating the Scalter

Skield and note that again the discharge ceases.

02.3 Select 2CkY and switch on the ¥-rays; the discharge
will enly pazs il the putential difference across the
gap is INCREASED. '

The X-radiation causes Lonisation of the ain in the spark gap,
the deghee of which depends on the voltage acnoss the X-say
fube efectnodes; it {5 evident, quabifotivefy, Zhat X-rags
cause Lonising events but the fechnique needs to be developed
fon meandnggul quantitative resufts.

D3 — THE IONISATION GHAMBER (1 HCUR}):

Remove Crystal Post and Jaw,

TEL 5BB kV & wA as specified

NORMAL LAB

Mount the lonlsation Charber, TEL 588 in E.S5.13 and 26 with
the insulator swpporting the central electrode at E.$.26 and”
the Carriage Arm in the Primsry Beam. .

Connect up the clreuit as illustrated to a B-C. Ampllifier with
a facility to measure currents down to |{)-II amps., and
pclarise the lonisatlon Chamber using a power supply with a

d.c. output variabie to 2000 volts.

H

Zhis connection as shont ab possible,

J | scneened and good dnsufetion,
|
|
! i
1

Pl

-V 4+

. -»

0 - 2000 V d.c.

D3.1- lonisation at Atmospheric Pressure

Tabulate the collector current Ic for lIncrements of polarising

voltage Vp and plot graphs A tc'D.

Tabge A Table B Tabte C Tabfe
3RV 50 nA 20kV 50 uA 30hV 20 uA JoRY 80 nA
%o | T ]l | L I

-1

Ic x 10 anps p

20
A

10 <
c
B

O L ¥

0 500 1poe Up vofts

NOTE: Do not touch the Scatter Shield during these exper-
imgnts as the effect on stray capacitance due tc electrestatic

charging can disturb the uniformity of the results.

10




This simple fonisation chamber can be calibrated to provide an
X-nay measuning instrument capablfe of much greater quaniitativé
nesults than the Spark Gap; changes An both X-nay tube current
and’ veltage produce measunabity i fferent-Lonisation- cwvrents
withisn the chamben.

See Experimental Programme D.35

In Senies A the Theam{onic Effect expeniment was complicated
by the presence of ain; 4in the instance of this Llonisation
chamben, fon the given geomelny of the defecton, the ondy
panameten that hes not been varied 48 the nature of the gas
being ionited and does this simifarty complicate the resulis?

D3.2 lonisation at Low Pressura

Connect the exhaust manlfold of the lonisalion chamber to a
rotary vacuum pump by passing thick-walled rubber vacuum
tublng through a Cable Port at the Hinge Flate; inferconnect
a needle-valve between the ionisation chamber and the rotary
pump so that a control led leak of air can be made to vary the

prassure In the chamber.

Before tabulating any resulits set the polarising voltage, Vp
at 1,000 volts and adjust the pressure in the chember by means
of the needle-valve until the cotlector current reads about

5 x IO.'” amps; alliow the system to stabllise In this
conditlon 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 \fIJ from zerc to about 1600 volts; tabulate
and plot graphs as in D3.1.

To x 10717 gaps

¢ -

¢ T

0 500 1000 Vg volts
Set - up: % mins.
Experimental Time: Graph A , 30 kV , 50 pA 10 mins.
Graph B , 20 k¥ , 50 uA S mins.

To verify thet a contlnucus dlscharge occcurs at about 1600
volts reduce v, to 1400 volts and switch off X-rays; now
Incresse Vp untii Ic avalanches without any external ionising
inftluence (quickly reduce V_ after this verification of con-
Tinuous dlischarge to avold damage to the d.c. amplifier).

For @ comprehensdive analysds of Tondisation Charactenistics
heference shoufd be made to siandand fext-beohs.

The Regions ¢f Torisation (1), Propontionality (11) and

Limited Proportionabity (111) ane cleanfy Lfustrated; fok

the purposes of Senies T the mede of Lonisation giving the
greatest collecton cumnent, the Gelgen Region (IV], wifl be
preferted as a comvenient and sensitive defecton of X-aadiation,
Fon funther quantitetive studies see D.35. '

"

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

For a detaifed study of the theony and construetion of
Cournten Tubes nefenence should be made to standard text-books.

The ionisation chamben was finst devefoped by Johannes Geigen
whifst working with Professon €. Ruthenfond at Manchester in
1908 to become a detector which could count individuaf
Lonisding events and his work was subsequently further developed
by Walther Mulfen in 1928 at Kief Univensity with fhe then
Progesson Gedigeh.

In experdiment 03,7 the nature of the gas experiencing Lonisa-
Zion due to X-radiation was vanied in pressure onfy; mone
detailed keseanch neveafs that 'individual fonising events'
ane. ocowvnding die fo the X-radiation and thet the total number
of events in a given pended of time can be reconded, using a
Scafen or integrated, to negisten the numbenr of counfs-pen-
second, using a Ratemeter. The duration of the effect of the
Lonising event depends not onfy on the pressure buf also on
the actual gas on mixiuwse of gases wsed; agten the detection
of an 'individuat Lonisding event' ["ecount"] the Geigen-Mulfen
tube must be 'quenched' in onden to be neady as quichly as
posadible fo necedve the next event; the Counter Tube, TEL 546
(MX165], 4is seff-quenched by means of a mixture of Halogen
geses af Lo pressuwre.

D41 Optimum Operating Voltage

insert the G.M. Tube In the Holder, TEL 547, and mount the
assembly at £.5.22 (sea Part !, para 10.10) and ccennect to a
Ratemeter/Polarising Supply (see Part 1, para 11.0}.

Set ¥-ray tube volts at 30kY; reduce the tube current o
minfmurn and slowly Increase the current untll a count rate of
about 4,000 cps 1s achieved.

Tsbulate and plot a graph (A) of the number of counts per
second reglstered for Increments of poelarlsing voltage (most
Ratereters have an Integral polarising supply with 'practical'
limits of about 3CO and 500 volts snd the full G.M. tube
lonisatlon characteristlc cannct be recorded).

I eps
6000 ™ opdinium
sediing /
threshetd A
£000 - vokiage ”______/
I,
4
/’B
2000 4 /f“_—_—-’
/
0 L] Li L L
[4 200 400 600 Vp volts

The optimum veltage at which to aperate the Counter Tube fs
on the low voliage end of the 'plateau’ about 420 volts.

D4.2 Dependence of Count Rate on kV

Plot twe or three points about 4G0 volts with the Tel-X-
Ometer set at 20%V¥ and observe that althcugh the count rate
varigs, the value of the threshhold voltagé remafns constant.

D4.3 Saturation

Set the Tel-X-Ometer at 3CkV and again reduce the tube
current to 2 misimur; slowly and progressively Increase the
current and ohserve that a peak count Is reached after which
the count rete falic away; This peak |s the saturation
point of the G.M. Tube and the G.M. Tube mus¥ afways be used
betow This peak cn the side of pesitive gradient for meaning-
ful results.



eps
The "Resolution Time' Trax '
of the G. M. Tube Is 7008 [m————=,
detined as
1 max .
microseconds operating
| point
See also para. D38 : 1. jJA

The detection of Aindividuaf ox 'quantised' events suppohis
the student's anticipation that the X-rays axe high enengy
electrons and this should be furthen investigated now that
a suifable defecton of the phenomenon has been devefoped.

The G.M. fube permits a penmanent numenical recoxd to be made
of the donieing effect of X-nays; can the effect on the :
Luminescent Scheen, a4 a visual detector of X-nays, be made
peamanent by alfowing the emifted 'Light' Lo stimutate a
phoitographic emubsion?

D5 ~ PHOTOGRAPHIC DETECTION {15 MINUTES}

Remove Crystal Post and Jaw.

KIT 582 30 k¥ 50 uA DARKROOM

Cut ouvt and fold a photographlc flim enveiope as Hllustrated,
uskng thtn black paper.

40 nt
Squane

Fold along dotted |lnes.

In a darkroom, remove the fllm from a Filmpak 750/2; place
the pleca of film In the black paper envelope A and fcld the
four edges over the fllm; remove the Luminescent Screen,
582.003, from its sllde and place the screen on the envelopad
film with the phosphor coating in contact with the film.

The white card on which the screen is mounted 1s relatively
I1ght transparent and so the pliece of black paper, with the
letter B marked in penciil on one side, should be used to
'beck! the screen; ensure that the letter B Is on the outslde

face.
Place the fllm/salt screen assembly In File Cassette 562.0I13.

D5. 1 in a normally |it laboratory lecate the Film
Cassette at E.S.30 wlth the pencilled letter B
facing the X-ray tube and the Back Stop only of
Cassatte 562.0%1 at E.5.29 with the Carriace Arm
in the zero beam axis.  Expose t¢ X~rays fer 5
seconds and remove tc the dark room for processing.
The developed film clearly Illustrates thet an
image of the Back $1op hat been registered but a
penumbra exlsts around the film whlch coinclides wlth
the folds ¢f the black paper envelope.

The paper enveleps fs impsrvlcus tc |ight and so It

must be inferred fhat the penetrating beam of X¥-rays
has been responsible fer 'energising' the penumbral

area of thc film and net  the light from the salt

scraen, *

D05.2 Reload the Flim Cascette and repeat D5.1 but with
the pencilled letter B tacing away from ths X-ray
tube.

Apart trom an Incresse In blackening the developed
tilm is ldentlcal t¢ that D5.1% the film has been
traversed and enorglsed by the X=-ray beam but the
penumtira are still present; +the {ight emitied

by the salt screen is thus 'Intensifying' +he
exposure of the central area of the t1lm.

X-nadiation causes the exposwre of photfoghaphic §ifm and this
exposiwre can be 'intensified' using Right-emitiing salf

Acheens. .

As with {ondisation chambers, the technique of photography has
been aeseanched uniquely fon X-ray defeciion and many special
types of §48m and intensifyen scneens have been devefoped,

D6 — THE PHOTOGRAPHIC PROCESS (5 NiINUTES}

Remove Crys{al Post and Jaw.

KIT 5&2*584 . 30 kv 30 uA ’ NORMAL  LAB

Remove the circular trame plate from Film Cassetts 962.013,
load with a Teltron Fllmpak 750/2 and locate at E.5.30.

Place Maltese Cross 562.007 at E.5.29. i,

Expose fo X-rays for |0 seconds and develop,

The special dovble sided X-ray film has reglisterad an Image
of the cross.

A simllar lterative experiment Invelving Increments In
exposure time would reveal the "characteristic curve" of the
emulslon of the film. If 11 1s requlred to perform this
experiment, an externally operated shutter must be plaged at
the Baskc Fort to prevent the 'flash pulse' (see Part I,
para &.8) from obscurlng the trus exposure results.

usedus
denalty
Aange

! &4 £ exposune time

. X~radiographers are malnly concernad with the slops or "gamma'

of the characteristic curve; the gamma of an emuision Is
defined as the ratio of the "useful density rangs", d, to
the "latitude", %, and the greater the value of gemma the
larger becomes the contrast of the emurlsion:

dp - d;
-4
The upper Himit d, is governed by tha Intensity of llght from

¥ eputsion =

the viewing box and the ability to dlscriminate in the blacker
regicns of the film; +the practical lower IImit Is governed by
the smallest change in objJect thickness that can be detected,
the "sensitlvity".

The stimufation of photoghaphic {ilm by exposure to X-nays has
revealed a similarity bedween the X-nay phenomenor and Light
hays on efectromagnefic aadiation,

In orden to attempi fo difjferentiote between the 'high-enengy
afectron' and the 'efectromagnetic’ posfufations the four '
classical tests so often used in physies should be performed;
hectifinear propogation; the inverse square faw; defleddion
due fo electric and magnetic {ields; diffraction,

12



EXPERIMENTAL PROGRAMME D7 TO D11, PROPERTIES {2 HOURS)

D7 — RECTILINEAR PROPOGATION (10 MINUTES)

Remove Crysial Post and Jaw.

KIT 582 50 kY 50w A NORMAL LAB

D7.1 Atiach twc stecl needles to the Auxiliery §Glice
Carriage 582.C0% using Adheslive Tape, as illustrated.

L]
4 L N
D
P B 23 mm

- /|

D7.2 Locate tha assembly such that the needie polnts 1le
In the X-ray beam as illustrated In para D2,

D7.3 Load FIlm Cassette 562.013 with Filmpak 750/2 and
’ locate at E.S5.14 with the circular freme faclng the

¥-ray tube.

Expose to ¥-rays for 2 seconds.

07.4 Remove Film Cassette $o E.S5.2Z, expose for 4 seconds.
D7.5% Remove to E.5.30, expose for 6 seconds.
D7.6 Measure the distances between E.S5.14 and E.S.22 and

between E.S5.22 and E.S§.30.

D7.7 Develop the fllm and measure the dlstances between
the needle polnts for each of the three superlmposed

imageas.
D7.8 Construct a diagram of the experimentat layout.
—— sthadight
———— ‘
distance —_— — Line
e —
between —
needfe points
I A N
ES 30 ES 72 ES 14

Confirm that the Images of the needie polnts obey the
law of rectilinear propogatlon.

The devefoped f{&m provides evidence that, Like Light, the
intensity of the three exposures obey the Trvense Square Law,

DB — INVERSE SQUARE LAW {15 MINUTES):

Remove Crystal Post and Jaw.

KIT 582 30 kY 50 A NORMAL LAB

The intensity, I c¢f radiatlon coming from a point source Is
irversely proporticnal to the square ot the distance, £,
from the source; as in cptical physics,
I:ﬂ(]—z) and from para D.6 d=1 %
2!

the Law of Peciprecity, vhere d is the density ot tre blacken-

ingc of the E0km in time 2 .

13

A photccraphlie film exposed at 2C ¢ms from fthe anode of the
¥-ray tube requives, therefore, four fimes +the exposure t¢
chov the same dens!ty as dcec a fllm which 15 expoted 16 the

same radiaticn at a dlstance of 10 cms.

2
I 1 £
d _"ata_ [T
tb =——= (—) .ta

a

08,1 Lcad Fllm Cascette 562.G13 with a Filmpak 750/2 and
lecate at £.5.14,

08.2 Place the Lead Mask, 584.006, at E.S.[3 such thet the
expesed portlen of the fHm will ke In the top right
hand quadrant.

Expose to X-rays for 4 seconds.

08.3 Remove Fhe Lead Mesk to E.S.18 with the exposure
guadran} ncw ln the boltom righi hand quadrani.

c8.4 Remove the Fllm Cassette to E.S5.19.
D8.5 Measure the dlstances of the fllm from Yhe ancde a¥

E,5.14 and E,5,19 and calcuiate the exposure required

at E.5.19 to glve the same fllm density as at E.5.14,
Expose to X-rays for the calculated time.

D8.46 Repeat the procedure at E.5.24 and E.5.29, each time
with the Lead Mask Just in front of the film and
rotated by 9C degrees to ¢xpose another quadrant of
the fltm for the respective calculated +ime.

D8.7 Develop the fllm and observe
that there 1s equal blackening
of the four quadrants, confirmlng 4
that X-radiation cobeys the
Inverse Square Law.

Observe also that at the outside |imit of +hé beam

the lmage is progresslvely more blurred and hot

sharp, indica+lng that scattering of the X~ray beam

by the intervening air 1s teking place and this is
more prevalent the greater the length of alr traversad.

D9 — DEFLECTION EFFECTS (16 MINUTES):

Remove Crystal Post and Jaw.

KIT 582+584 30 KV S0uA DARKENED LAB

DG, 1 Lécate Plain Electrcdes 562.009 in E.S.2 and 4 of
the Auxillzary Siide Carrlage, with the clrcuiar
plates faclng each cther.

09.2 Mount thls assembly I Mode V {(see Part 1, para 10.4).

D9.3 Insert the Imm Slot Colllimetor, 582.001, into the
‘Baslc Port with the slot horizontal.

ng.4 Adjust the Clutch Plate until the slot Is central
between the Electrcde Plates.

D9.5 Connect the lovwer electrade to the earthed negatlve
of a 2,000 velt d.c, voltzge supply and the upper
electrode to positive; pass the cables through the
Cable Ports at the Hinge Plate.

Dg.6 Locate the Backstop only of Cagsette 562,031 at
E.S.12%, {he Luminescert Screen 582.003 facling the
¥-ray tube at £.%.20 and cover the Glass Deme and

the signal lemps wlthk & black cloth.

Dg.7 Switch on X-rays and observe that there is NO
deflection of the image even with a potential
di fference across the electrodes of 2,000 volts.



L

D9.8 Switch off and dlsconnect the voltage supply to the
electreodes but leave the electrodes at E.5.2 and
E.S.4.

Pltace one of the Magnets 562,008 under the overhang
of tte lower electrode and othe other magnet simllarly
above the upper electrode as illustrated, to create

a strong magnetic field between the electrodes; test
this with a strip of ferrous metal or a needle.

=

S
o
RN

D9.9 Switch on X=rays and okserve that there [s NO
deflection of the image on the screen,

1t ia evident from these 'nif-effects' that X-hays do not con-
848t of high-enengy efectrons ok othen charged partieles.

1{ X-radiation is efectromagnetic in natwre then diffraction
will oceun using a suitabfe grating; o achieve optical
dijfraction the spacing of the grnoting must be of the same orden
as the wavelfeng2h of the incident Light.

In the absence of any knowfedge of the wavefengih of hadiation
no decision earn be made reganding the type of grating Zo be
used.

Fuwther sfudies must be made in order to assess the 'quality’
o4 the X-ragiation,

D10 — PENETRATION AND ABSORPTICN (45 MINUTES);

Remove Crystal Post and Jaw.

KIT 582+984 k¥ and ph as specified NORMAL LAB

tn the previous experiments X-rays have penetrated the glass
of the X-ray tube {es does light}, the black cloth, paper,

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

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

010.1 Place the Lead Mask 5B84.006 at E5.28 to expose the
top right hand quadrant.

010.2 Flace Aluminium Wedge, 562.014, at E.S.2% with a pin
ffappnd in the plastic of the surrcunding slide to

previde a datum oo the exposed tilm; the datum

should eppcar in the first exposure In the top right
hand quadrant.

Dt0.3 Connect a 100 uA meter to the ‘'monitor tube currentt
Jack socket and wlth 30KV selected, ad]ust the tube
current to 80 pA.

DIO.4 Locate Cassette 562.013 with Fllmpak 750/2 at £.5.30.
Di0.5 Expose to X-rays for 1§ mlnutes.

D10.6 Select 20kY and rotate the Lead Mask 90 degrees to
expose the bottem right hand quadrant.

DIG. 7 Expose to X-rays for I4 mlinutes.

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

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

DIC.10  FRepeat in Quadrant 4 with the tube current set to

60 wA and expose for 2 minutaes.

The developed fllm reveals that X-rays can penetrate
a light metal such as aluminlum but the degree of
peretration depends not only on the thickness of the
material but also on the voltage applled o the
X-ray tube; quadrants | and 2.

Yariations in the tube current does not ef fect the
deqree of peretration but only the density of flim
blackening and therefore the intensity of radlation
in the beam; quadrants 3, 4 and |,

The greaten the tube vofiage the greater the penetration and

the gheaten the tube cuwient Zhe Less the exposure Lime for

a given infensity.

D10.11 Hard and Soft Radiation

Eanky neseanchens noticed that the betffer the vacuum Ain an

X-ray tube fhe gheafen the powen of peretration.

The gas dischange X-ray fubes of the perdod, with a Low onder

of vacuun and kefatively 'gasdy', wene hnown ab soft' fubes
14



and dischanged al refatively fow voftages and conversely, DIC. 15 Tabulate and plot the graph of fog IO/I as a

tubes with a high onden of vacuum wene 'hand' fubes and onfy tunction of & ; if the practical curve of DIO.14 is
dischanged at high voltages. X-radiation §rom the tfubes was truly exponential then all points on the 'log' curve
caffed "hand' on 'soft' and these teams ane stiff used. The should lie on a straight line passing through zero.

higher the voliage applied to the X-nay fube the 'harden' the

resultant radiation. The sefeciion of 20 kV with the Tef-X- Observe that this is not so and. the curve has a

Gmeten will nesult in softex radiation than that emitted atf fendency to fall away at grester values of £ .
the 30 hV sefection. leg T _f1 ‘
"/ A B
_ bog 1 j——— ———— — —A——
D10.12 Linear absorption. o P
3 - 4
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tnsert the G.M., Tute, TEL 946, in the Holder, TEL 547, mount
the assembly at E.S5.7Z and connect to a Ratemeter or Scater.

Mount the Auxitiary Slide Carriage in Mode H using the lnm
diameter Col limator 582.002; reduce the fube current until a
count rate s reglstered of about |,000 cps below the
saturation point recorded In Experiment DA.3.

DI0.t3 Locate in turn The slides indiceted In the followlng y
i m

table and record the intensity of radiation {counts

per second). .
Since Log (To[1)is smatlen than the correot exponentiaf value,

. . Zhen T abone must be hesponsible fon the deviation and is
Stide No.| ES Th,c::;lnua e;a Log I tog 1 -log I fargen than theony predicts; ihis in twmn inders that the
- X-nadiation s becoming moze penetrating as Lt passes thhough
562,035 | 4 0 — the aluminium. This is only consistent with the Law of con-
017 4 0.1 senvation of enengy 4§ not just one homogencous wavefength
018 4 0,25 but a heterogencous mixiure of wavelengihs comphised the
019 4 9.50 _ phrimany X-ray beam, This is simifan to whitfe £ight and such
g:g : 0.75 hetenogeneous X-radiation is cafled 'white' sadiation.
020 4 1.00 . L el .
NI 3 The feasi energefie, so04t nadiation (Longer wavelength] {4
020 4 1,25 proghessively absorbed by the aluminium such that the mean
019 3 ) wavelength of the trnansmitted beam proghessively decheased)
.020 4 1.50 At thus appeans that the quality of the aadiation gets hander
g; g ; R the deepen the penetration,
.020 4 1.75 . To avoid the necessity Lo constantly analyse the whofe specthun
021 4 2,00 : of the white xadiation, nadioghaphess nefer 4o an "effective
gg? 3 500 ' wavelength" of the heterggencous primary beam; the "edfective
- :019 . . wavedength” {6 defined as that wavelength which requires the
020 3 same thickness of absorbing medium to neduce the infensity fo
021 4 3,50 one hal{ of that of the incident beam as does the 'white'

heterogeneous beam,

[
( C10.14  Plot Graph as iliustrated.
‘ D10.16 Half-Value and Tenth-Value Thickness.

T eps From DIO-14 (1 /T) or DIO.15 ( where £og 1,/1 = fog 2 = 0.301 )

.
4000 the Half-Valug Thickness In aluminium for 30 kY radiation is

about 0.2 mm . If a theoretically exponential 'log-tine', A Is
plotted on graph BIQ.I5 through { 0.2, 0.3010 } and zoro the
radiation will be theoretically completely absorbed by 2.4 mn

2000 - of aluminium where fog I = 0 and so Log I -Log I fs a meximum.

Since the valus 2.4 mm s seriously In error it is apparent
that Half~Value Thickness is mainly of relevance to radio-
graphers concerned with the etfects of soft radiation, for
example In medicine where the damage Yo the outer body tissues

0 ; + due to absorption of sott radiatlon is closely studled.
mm
Radiographers concerned with hard radiation and with protection
The graph is characteristic of an exponential curve calculations more commonly use the Tenth Value Thickness where
- 1 =1/10; from graph DIO.14 the Tenth Value Thickness in
where I = IO e xt O/ ' grap

aluminium for 30 k¥ radiation is about 0.9 mm.

and p s the linear or total absorption coefficient
ihe straight |lne B through zero and the polnt { 0.9, 1.0}

tog Io/I ! where Log 1 /T = Log 10 = 1.0 predicts that the radiation
k4

v o= '
will be completely absorbed by about 3.25 mm of aluminlum

which more nearly approximates to practice. See also para D39.




D11 — THE PHANTOM {40 MINUTES}

Remove Crystel Post and Jaw.

KIT 502+584 30 kY 80 uA NGRMAL LAB

Carafully locate Auxlllary Slide Carriage in Mode H without
using elther of the Basic Port Collimators.

Mount the Phanfom TEL 562.0E2 at E.5.29.
DEl. Locate Blank Sllde 562.033 at E.S.4.

Place a Filmpak 750/2 In Cassette 562.013 and
locate at E.5.30, with carriage arm in zero axis.

Expose for 2 minutes.

Dil.z Replace the Blank Stide with Aluminivm $lice 562,018
(0.25mm) at E.Z.4.

Retoad new Fiimpak in Cassette 562.013.

Calculate, using Graph C10.14, the exposure required
to give the same film density as in DII.1 (this will
be more then twice since 0.25mm of 2luminium is
greater than the Half-Value Thlckness),

Expose for calculeted time.

DIt.3 Add Aluminium Slides 562.017 (O.lmn) and 562.019
{0,50mm} &t E.S5.3 and E-5.2 = the total thickness of
aluminium Is 0.85mm which is almost exactly the
Tenth Yalue Thlckness.

Reload nex Filmpak In Cassette 562.013.
Expose for 20 mirutes (2 x 10 minutes).

Compare the three developed films.

Although these expeniments wene infended fo give equivafent
intensities, that this {s not so0 L8 proof of the helenogencous
natune of the X-nays; ihe mone erengetic wavelengths are ngx
absorbed nesulting fn gheaten §ifm densities.

The construction of the phantom is a sanduich of three equal
thichnesses of plastics maternial which s approximately "tissue
equivatent” with respect Lo absorption.

The central fagen of the sandwich has a bone-shaped hofe eut in
it which is §itked with caleium carbonate, approximately "bone
equivalent", and fhree pieces of Pead shot.

Different thicknesses of cabelum carboraie are travensed by
the X-namp; 1} the fhickness of the {{LLing in the bone-hote,
2] the vodids created by the movement of the Zead shof in the
powden and 3) the seepage inte the sepanation planes of the
plasiics Layens.

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

If radiation at the Halt-Value Thickness, .t] = 0,2 of DIO. 14
is consldered 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

?

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

D¢, Christen defined, for biological purposes anly, a beam of
radiation as being homogenous when ,tz.v‘,t] = | and for all

values greater then | the incident besm is heterogeneous.

From graph DICG.14 2,/&, = 0.3 /0.2 = 1.5, confirming that the
9 2749 . g

radiation emitted at 30 kV is he‘rerogene'uus.

See also para. D 37,

D12 ~ DIFFRACTION OF X-RAYS; LAUE {45 OR 76 MINUTES)

Adoptling vow the nationat assumption that the beam s heteno-
geneous and efecitromagnetic, then the emission grom the X-nay
fube should ebey the Lavs of wave motiony £he most classicat
expenimental erdtenion fox wave moiion {8 the demonstrnation of
constavetive oh destrnedive interference, the diffraction
effect.

ALE the earnty atiempis anound 1901 to oblfain diffraction
patteans, based on krown opiical fechniques, wene not general-
£y accepred as concfusive. The caneful manufeciune of the
finess possible ganiings proved ineffective.

In 1912, Pro§. Max von Laue posiufated that the wauz,fa.'ngth of
X-hays was much shoAten than mpst experimentens believed; he
suggested that the basic ghanubarity of matfen was imposding
aestrnictions on the aonstruction of gratings fine encugh to
cause diffraction; he concluded that this very granularity
might provide o 3-dimensional grating fon Lhe diffraetion of
X-haph.

in 1913, Prifesson Laue's theovredical propostal was suceess-
fubly tepted by Frlednich and Knipping.

o

KiT 582 30 kV 80 uA NORMAL LAB

Diz.1 Using tweezers if available, carefully salect one of
the Minl Crystals, TEL $82.007; the Cfystals are
Lithlum Fldoride and are very fragile.

Dlz2.z2 By means of clear adhesive tape mount the minl
crystal over the existing aperture ot the lmm diameter
Primary Beam Col l1mator 582.002. )

DIZ2.3 Mcunt the Auxlllary Slide Cerrlage In Mode H (see
Part |, para 10.4) usling the Crystal/Col t imator
assembly, assuring thet the long axis of the crystal
is vertlcsl.

2.4 toad a Filmpak 750/2 Intc the Cassette, 562.013.

DE2.5 A good taue pattern can be recorded with the Cassette
located at E.5.2 and exposed tor 20 minutes.

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

The Laue pattenn, an euray of dots around an intense central
spot, Lllustrates, with discernible symmetny, infenference of
wave motion due Lo diffraction.

late in 1913, 0, L, Bragg sought to explain the basie
jonnation of the laue diagham very sdmply; the primeny beam
of waves is scattened by the atoms in successive crystal
planes and whene the path-fengths diffen by an integrak
nultiple n of the wavelength X, then stuong re-infoncement
occurd .,

The Laue pattenn in this expeninent is intended to. iffustrate
difgraction of X-rays {n a qualitative sense only - in onder fo
intenphet a laue congiguration, apart fhom the complexity of
the mathematical anafysis, the wavefength of the primary
nadiation must be hnown. Thiy wavefength, x, & s1ilE Lo

be established.

D13 — WAVELENGTH BY DIFFRACTION GRATING

Although sulteble man-made gratings were not available to
Friedrich and Knipping {1912} they are now manufactured but
they are expensive; furthermore, considerable time-consuming

precision is required to set up such experimental apparatus.

The Nuffield BMM Filmloop, PENGUIN NO.XX1,666 on this subject

is recommended: explanatory notes are Included with each film.
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D14 — WAVELENGTH MEASUREMENT: BRAGG METHOD (1% HOURS) WiA.h o Mount the G.M tube and it's holder at E.S.26.

R . Dla.?  Using a Ratemater track the Carriage Arm round from
Sir lawrence Bragg presumed that the atoms of a crystal such ’

it'e minipum settirg (about II°, 20) fo maximum

as Sodium Chloride were arranged in s cubic and regular
settirg (atout 124°, 2€),

three-dimensional pattern.

i i . o
kN The mass of & molecule of NaCE is M/N Kg, where M is the Flot on graph paper the court rate per second at |
i molecular weight (58,46 x 1073 kg per mole) and N Is (z@) irtervals, siiowing time at each reading to
Avogadra's number (6.0 x 1023 molecules per mote). estimate the mezn of the fluctuations of the needle.
. N o]
The number of molecules per unit volume is D/:-: molecutes The Carriage Arm shculd te indexed to 15° {28) and the

. thumb whee! set to zerp; when the Scetter Shield is
per cubic metre, where p is the density (2.16 x 103 kg m™3). o 5
closed, settings from |17 to 197 can be achieved using

Since NaeCf is diatomic the number of atoms per unit velume only thumb-wheel indicatlons.

is ZoN/M atoms per cubic metre. I¥ the ratemeter has a loud speaker, ncte the random

. . . . “guantun® nature of the beam of radlztior at low count
The distance therefore between adjacent atoms, d in the .

; ; . . rates.
lattice is derived from the equation

Where the count rete zppears to peak, plot Intervals

1 3
£ - P or d = M2l of only 10! arc using the thumb-wheel (see Part |,

para 10.83; at each peak, measure and record the

and for NaCE, d = 0.282 nm. maximum count rate and the angle 28 as precisely as

\l\ possible.
all
el
d 1 400
c?é .
\1\ |
NaCE
30 RV
120 4
The first condltion. tor Bragg "reflection” is that the angle 5
of incidence © sguals ths angle of reflection - this is as
for optical reflection and infers that any detector of the &0 ; &
& reflected rays must move through en angle 28, the 2:|
spectrometer relatlonshlp.
i 40 5 !
Lineident | neflected ;
wave frond 1 wave front i
¢ | ' 0 T T Ia
| ¢ 30 60 ) 28°
heflecting ! & : DI4.8  Select 20kY and repeat DI4.7.
Layens 308
A ate ¢ d ;
eps
:B T 80+ NaCt
20 RV
The second condition is that reflections from several layers
must combine constructively :- 404 '
nh=AB+ BC=2dsing 5 ; 7 8
N A_l A A
v 80 90 0
KIT 582 30/20 k¥ 50 uA HORMAL LAB ] 20
Observe that the contlnuous spectra of "white"
DIA.1  Mount the NaCk crystel, TEL 562,004, in the crystal radiation exhibit peak Intensitles {feature 2) and
- = o 2 P . =]
post (cee Fart |, pera 10.9) ensuring that tho major intercepts on the 20 axis {feature |} which only vary
(3 N N H ; 1]
i 1 - be.
tace havirg Mflst mat appearance is in the reflect- with the voltage setting of the X-ray tube
ing posltion (see Fara D27.20). The six peaks, teatures 3 to 8, superimposed on the

continuous specirum do not vary in angle 20 wWith

D14.72 Locate Frimary Eeam Collimsator 582.G0l ir the Baslc '+ | | itud
Vo e setting, but an in am| ude.
Fort with the Imm slot vertlcel., 9 9 v P

R Gl4.9 Tabulate the resuvlts from the six superimposed peaks
0l4.3 Mount Slice Cellimator {(3mm) S6Z.016 at £.5.13 and we P P

of the graph and calculate A and n.
Collimator {Imm} %62.01% et E.5. 1L, grae

Did.4 Zero-set end lock the Sleve Plate and the Carriage
Arm cursor as precisely és possitle (<ee Fart |, Featune ze 8 sin 6 2d A "
para. IC.6}. 3 0.564
Di4.5 Sight through the collimating s1its and observe that F - 0,564
the primary beam direction lies in the surtace of 5 0,564
the crystal.
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Observe that the sharp peaks are a pair of "emission
lines" 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, Ku,

line.

Tn the absence of micro-ghatings, the "reasonabfe angument!
was osmulated by Sin Lawnence Bragg that the NaCE caysial
could be used as a F-dimensdional ghating which woufd reveal
diffnaction infeamation by means of which the wavefength of
Ahe primeny nadiation could be established; but in fhe second
dentence of D14 a bland assumption &b made for Avogadro's
numben. 1, however, the wavefengih of the nadiation is
obtained by using a man-made grating, as in D13 then a eon-
Lemponany apphoach £s to nevense the sequence of the Bragg
argument to provide an acqurate evaluation of Avogadro’s
numben.

Whichever didaetic sequence i4 adopted, the Bragg expendment
ven{dies that the incident nadiation is both electromagnelic
and heterogeneous and that co-operative intenference can be
Anduced wsing a crystal as a diffraction graiing.

The enystal ifseld ecannot be considened as the sounce of the
Ydual' spectuun due to photon bombardmend; the contimuous
speetrum 48 modigied in both minimum wavelength and genexaf
Aintensity only by changing the X-nay fube accelenatiing volfage,
without any vaniations in cnyatal paxamefens; the "emission
Eines" ane panticubanly discreet in angle [20) whereas
hadiation from the chystal due Lo photon bombaidment would be
multi-dinectional,

The nadiation must be derived Zhrough some “invense photo-
electnic effeet” faom the impact of the thenmionic electrons
on the Copper tanget within the X-nay fube,

D15 —~ X-RAY EMISSION (1% HOURS)

In stniking the Copper anode the majorily of electhrons expen-
dence nothing spectacular; they undengg sequeniial glancing
cobbislons with panticles of matten, ZLose thelr energy a
Little at a time and merely increase the avenage kinetic
enengy of the particlesd in the tanget ; the farget gets hof.
The minonity of electrons will underge a variety of glancing
coblisions of varying severity; the electhons are decefensted
Amporting some of thein enengy Lo the tanget panticle and some
An the form of ebectromagnetic radiation equivatent {n enchgy
to the enengy foss expenienced at each collision.

Since these coflisions usually occun at a afight depth within

the tanget the fongenr, fLess enengetic, wavelergths ane
absonbed within the target matenial.

This "bremsstrahbung" on "brafing radiation" is thus a con-
Ainuous spread of wavelengihs, the minimum wavefength lon
maximum enengyl being detesmined by the accelerating voliage
of the tube.

1
A = Slpd or W -k

whene, V La the X-ray tube voliage sefected.

D15.1 Minimum Wavetength, Planck’s Constant.

KIT 582 30420 kv B8O uA NORMAL LAB

An accurate. determination of the minimum wavelength
intercapt on the x-axis requires that the Ratemeter
be replaced by a Scaler; counts should be recorded
ovar at least 10 second durations, the longer the

counting period the greater the accuracy of the

results.

DI15.2  Mount the a‘uxiliary slide carriage in Mode H {ses
Part |, para 10.4) using the lam slot Primary Baam

Col l imator, vertical.
DI5.3 Position the Slide Collimator, {(imm slot} 562.015 at
E.S5.4 and Slide Collimator {(3mm} 562.016 at E.S5.13.

DI5.4 With the NaCf crystal mounted as im 14.1, set up as
for 14.4, 5 and 6; select 30kY.

DI5.5 Measure, tabulate and plot the count rate at every
30" arc, commencing at 11°, 30', untll the "whale
vack" appears to fall off.

eps ; NaCe
120 1 30 kv
mérimunt
caniiage
40 = setiing l
401 l‘ 20 kY
A
0 ra
0 5,000 " 15 20 40
-

DI5.6 Repeat for ZOkY.

Cbsarve that the minimum setting of the Carriage Arm
requlres an extended extrapolation of the 30kV curve
to obtain and Intercept on the w-axls ; curves of
similar nature can be drawn for the KCL and the RBCE
crystals.

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

015.7 Replace NaCL crystal by the L{F crystal, zero set and
repeat 15,5 and 15.6.

1 ,
opd LiF
30 kY
120 9
mdnimum
&0 1 .
caneiage
setting
40
[1} T T
0 5 10~

Observe that the curves flatten out before Intercept-
ing the axis, due to the contribution of the general
background radiatdion.

DIS.8 Extrapolate the theoretical intercepts and tabulate
the resuvlts:

Crystak v 20 | o |stne| 2a | 2 Va
NaCt 30 bV 0. 564

NaCe 20 &V 0,564

LiF 30 kY 0.403

LiF 26 kv 0,403




14 the theory of the "invease phofoelectric effect” L4 valid
then Einstein's assumption of 1905, that both emission and
absonption are "quanﬁ,‘aed", musd be fested in xelalion to
PRanck's fonmufa fon phote-electnon emissdon

w = hv joules

whene w 44 fhe enengy associated with each quania , v is the
frequency of radiation and h is Planck's consfant.

Since v = efn for efectromagnetic nadiation wiene e i the
vefoeily of Light , and w = Ve , the maximum enengy that can
be acquined by any electnon within the X-hay lube system, £hen

Ve = he/s or h = ungl .

D15.9 Calculate the mean value tor VA from DI5.8 and
evaluate h .

e 1.60 x 107'7 coulombs ; o= 3.00 x $0% m sec™! 3

Compare with the international value for h of

34

6.82 x 107" joule-sec

The difference between the accepted standard value and
the evaluated result for h of about 5% is well
within experimental |imits and |1lustrates why the
'inverse photo~glectric effect! is considered to be a
very accurate method of determining h , the fundamental
constant in the Quantum Theory.

It is assumed that previous studies of optical specira have
established that "characteristic Linea" in the wisible
region of the electromagnetic speciaum ahe emitied faom
atomic enengy-Levels of high principal quantum number, the
N, 0, P and Q Levels; ithe relafively much shonter wavelengths
of the chanacteristic KB and Ku Lines indicafe that these
shonter emissions ane due to electron thansitions at energy-
Levels of Low principal quantun numbern.  Any efectnon from
the X-nay tube fifament having sufficient epergy to efeei a
K efecthor in a collision process witl ionise the Cogpen
atom;  the Lonised afom wilf revert to it's astable state
through efecthon transitions, each tnansition being accom-
pandied by the emission of a photon of equivafent energy.

K-Sendies

S S T T T

By definition, the K8 em{ssion xesulfs from transitions §rom
the N and N Levebs fo the K Level and Ko grom thansifions from
the L to the K Level [see panra. D19); the N and M Levels have
a greaten energy difference with nespect fo the K Level than
docs the L Level and hence the wavelength of the Ko photon is
shonten and mene enengetic than that of Ku.  Buf the cfosen
prowimily vf the L and K Levefs nesulfs in mone frequent
thinsitions than for the N ea M Levels and hence thexe is a
greaten "population” .of Ka exhibited by the refative inten-
SAELEL of ThE pénks 3 and 4 of graphs DI4.7 and . (See also
paAde P97, e e

19 .

The Bragg expeniment has established that a cryatal can be
used to demonstrale the co-uvperative interfenence of X-rays;
the wavetength Limit of the continuwous "white" specthum 44
dependent undquely on the enengy imposed upon the efectrond
by the potential differcnce bedween the electnon emiiting
§itament and the arode, regandfess of {t's matenial; the
"charactenistic” Eine spectaum, supeninposed upon the white
apecthum {4 due to the elemenfal composition of the anode and
the enengy-fevels assocdated with it's individual efectron
Segb Lo,

The Lines ahe unigue to emissdon from a Coppen fanget and
aie fhus termed CukKp and CuKa emission E£ines. ‘

Spectnat analysis by the Bragp fechnique can accurately
evafuate a) an unidentified volinge, usdng both a known
cagstal and anode matenial, b) an unknown ergafal structune
uding an identified veliage and anede materiat and c} the
chemical composition of a material senving as an anode to
emit chanacteristic radiation, using an estabfished chysial
and an accurafely defined voltage.

The paocess of X-zaay emission <8 duch that the wavelengih
may well overfap both the uftha-viofel and The Garma reglons
of the broad electromagnetic spectaum; in the "Telinon
Approach fo Atomic Physics™ the phenomenon of Gamma radiation
has yet Lo be stfudied.

By its mode of emisaion X-nadiation is therefore dedined,
through the "inverse photoefectnic effect”, and noi by wave-
Length; “ultra-vieleX" rediation hesults from elassical
photoelectnic events and "Gamma® radiation fuom nuclear
disintegrations.

However, consequent upon the similenitics between diffraction
of optical and X-nay wavelengths, the sfudent will surely
anticipate 'absonption' effects in X-ray, as in opficak,
spectar.

D168 ~ X-RAY ABSORPTION (1 HOUR}

KET 582 30 k¥ 80 uA NORMAL LAB

DI6. 1 locate. the Nalf crystal In the crystal post as in
14.1.

DI16.2  Mount the Auxillary S$!ide Carriage In Mode H (ses
Part I, para 0.4} vsing the Imm siot Primary Beam
Cellimator, vertical. tocate the $|ide Collimator
(3mm slot) 562.016 at E.S.4.

DI6.3 Posltion Slide Collimator (lmm} 562.0l5 at E.5.18
and the G.M. Tube Holder assembly at E.S$.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 |0 second duratlons; the
fonger the counting period the greater the accuracy
of the results; it is also advisable to monltor the
tube current and adjust es necessary to 80 uh.

Ensure that 30kV is correctly selected.

DIE.4  Tabulate counts, I frem 20° (20) to 40% at 1°

intervals,

Fi) .
28 [ Tou P8 T, /1, %

70

71
7




6.5 Locate the Copper Filter 564,006 al [.5.2 and
tabulate counts I,y .

‘

DI6.6  Calculate the ratio I,,/Ip and plot as a Percentage

Transmission against angle 20.
Thansmission %

100 K8 Ka Cu foil

50+

<

L] 1§

20 24 2§

13

36

w
P i ——

26”

Observe that the whole spectrum has been reduced in
intensity but that the expected "sel{-reversal" of
the K8 and Ke lines is not evident; a very abrupt
discontinuity Is revealed however at a wavelength
Jjust shorter than the KB line.

DI6.7  From the graph, determine the angle 28 at which this
discontlnulty occurs and calculate the equivalent
wavelength In accordance with the Bragg equation:

y =2 dsiné

The Coppen Foil {nterposed at E.5.2 has a finite thickness,
12.5 x 1075 metnes and, applying the Linear Absorption Co-
efficient as studied at DI0.14 some absonption of the
Adpectrum musi be expected.

That Copper does not 'aeversibly' absoab it's own characten-
Lotic emission Lines KB and Ka i4 in agreement with the
theony outbined in the comments following 915.9. To Londse §
an atom of the Copper tfarget in the tube any elfectron grom
the fikament must have sugficient enengy Lo Libenate an
efoctron in the K Level on indeed the L Level for LB ox la
emission not detectabfe with the compact geometiny of the
Tel-X-Omeder . Thus, 4n hypothetical temms:

3ev.

u, >, o~ -1xto
Following an M to K electron transition o KB photon i
enitted having enengy W, , p o ~4.9 x 103 oV lie -10,000 +
100 eV); 2hene is thenefone a helatively small enengy
difference of 100 eV,

The discontinuity occuns at a wavelength of 0,138 nm {{nom
16,7} which 48 just shontexr in wavelength than the Kp
emisaion [about 0.140 nm fhom 014.9) and it is evident fhenre-
fone that a "etassical photoefectric effect” has occunned
whenein some photons in the primahy X-nay beam have sufficient
enengy to ionise the Coppen atoms {n the foif placed at
£.5.2, :

Furtheamone, the vafue of the wavefength indicates that the
inedident photens must be a component pant of the "white"
radiation; the 4infexence 44 thenefore that the Copper
fodl witl exhibit the "abscrption edge” when exposted to
nadiation containing enengies equivalent to 0,138 nm, negard-—
Less of the materiol of the sounce.

The discontinuity {a thus unique to the system and L5 neferned
to as the CuK Abstonption Edge.

Since the efements in the periodic tabfe have different
enengy-Level structunes and densities the sfudént could now

expect fo find an efement which wilf discreetfy absoab Copper
K emission by a systematic study using foifs of different
elements, but equak thickress.

016.8  Femove the Copper Filter {rom E.5.2 and replace with
the Zinc Filter 563.006.

Repeat 16.%5, 16.6 and 16.7

100 4 Thansmission %

Ks Ka In fodk

{ |

| |

50 l 1

| |

| i

¢ b T l II Ll

? %0 24 8 32 36 g0

DI6.9  Remove the Zinc Fllter and replace with the Nickel
JFiiter 564.004,

Repeat 6.5, 16.6 and 16.7.

100 Thansmission % L
! s,
ke  Ka i goil
| |
| |
50 o l
| ]
I |
|
[
0 T T T Il T
20 24 28 37 36 26°

6,10 Remove the Nickel Filter and replace with the Cobalt
Filter 564,008,

Repeat 16.5, 16.6 and 16.7.

100 4 Transmission & K8 Ka
Co foilf

50 -

Observe that only the Cobalt Foil has absorbed or
“¢iltared out" both the CuK emission lines but that
Nickel has dramatically diseriminated betwesn the
KB and Ko radiation.

Clearly the absorption of X-rays is dependant not only
on the thickness of the absorbing material but also

on the nature of the material itself.

The Linear Abscrption Ce-sfficient is not therefore
sufficiently definitive for X-ray purposes,

especiably with thin foils where the effect due to
the material is greater than that due to thickness.

20



The thickness X is related fo the material itseld il Remove the aw clamp from the Crystal Post; mount

by the equation £ = mfp per unit aresa, where w the Rotary Radiator and fix with the clamping screw
is the mass and p is the mess densily of 1he without replecing the jaw.
msterial . G17.2  Turn the Carriage Arm to resi at 90° (28) to the A-ray

L beam axis and verify that the Rofary Raciator presents
Bl&. 11 The equation for the Absorption Ce-efficient can

the irradiation window 1c¢ the 8asic Port at an angle
diherefeore be re-written

of 459,
; - umlp fog 14/1 v - Screw the flexible actuator cable into the socket on
: 1= 1pe or u/p —— = 3, m kg ) ; .
3 Ri n the Fotary Radiator and iead it out of the experi-
L mental zone to a convenient operating position outside
u, s defined as the Mass Abscrption Co-efficient ihe Scatter Shield.

. . Successive rotations of the foil drum can now be
On examination of the transmission graphs drawn during

achieved without disturbing any electrical parameters.

the experiment, it is apparent that M is dependent
not oniy on mass but alse on wavelength; where an
absorption eocge occurs two values of Wy @ meximum
and 8 minimum, sre defined for the particular wave-

length. ¢

The student may determine the maximum ard minimum
Mass Abscorption Co-efficients from the graphs for
each absorption edge but due to the relatively broad
width of the beam, accounting also for the lack of
linearity in the practical curves, tha results wili

bear little relationship to published standards.

The experiments have demonstrated that Characteristic
I Radiation Is only emitted when the energy of the

. Incident photon or electron equals or exceeds that of
the Characteristic Absorption Edge.

Convarsely if an Absorption Edge is observed there
must be X-radiation present which is characteristic
of the absorbing material; this radiation will

"fluoresce" indiscriminately in all directions, but

the wavelength of this "secondary emission™ will

always be slightby longer than that of the incident
radiation. DI7.3 Insert the Primary Beam Collimator 582.00[ into the

DI6.12 Set up for Bragg Raflections a5 in Did.| to 7. Basic Port with fhe lam slot in the horlzontal

Without plotting the results on paper, insert each
of the 4 filters at E.5.14 and observe the effect on Di7.4  Locate the G.M. Tube and Holder Assembly at £.5.22.

count rate at features 3 and 4.

position,

Meaningful results can ba obtalned with a Ratemeter
but a Scaler provldes greater accuracy.

D17 — X-RAY SGATTERING (50 MINUTES) OI7.5  Llecate the Blank $lide 562.033 at £.5.13.
Measure and tabulate he intensity, I, for each of
KIT 582 30 k¥ 50 uA NORMAL LAB the elements on the Rotary Radiator:

Foils of the elemants Zn, Cu, Co and Ni are affixed to four RADIATOR To 1 /1o
of 1hr:.a taces of a moulded plastics octagonal drum and the drum AL WL, Fhement aps. ops
tocated to rotate within a mouloed plastics outer case which
locates in the crystal post;  This is the Rotary Radiator: 50.54 [
564.001. 5¢.00 Cr

54,94 Mn
The other four faces are occupied by metal elements which are 5585 Fe
sequential when classified according to their ATOMIC WEEGHTS, 55.71 Ni
as prescribed by the study of the Mass Absorption Co-efficient 58.93 Co
in D.16. " 63.54 cu
Zinc [Zn) 65,37 Iron {Fe) 55.85 65,37 in
Copper {Cu) 63.54 Manganese (Mn} 54.94
Cobalt  {Co) 58.9% Chromium (Cr} 52.C0 Observe that the values of intensity Iy vary consider-
Micke!  (Ni} 58,71 Vanadium (v ) 90, 54 ably.
The drum has eight rest positions; an attempt can be mace to
"fluoresce” the characteristic ¥-radiation of cach element by 14 is dnienesting that Lhene (6 any “secondary emission” at
plécing them in turn inte the wirdow in the cover which is alE gnem the In and Cu nadiatons; expeniment D16 has
irradiated by the primary beam trom the Copper farget tube. Llbusthated Lhat CuK emidsion 48 too Rong <n wavefength to
The symbel of the elemont in the irradiation window is shown excife the Abscapiion Edge of eithen In ox Cu. 1§ shont
in a second window at the roar of the Rotary Fadiator. | wavelength "white® nadiation was exciting the In ok Cu then
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the fevel of intensity would be veny wuch fess than thet oﬁ-
the N& E-n Co hadiatons, known 1o be exedlfed by the Cuk
nadiation which ecrstitutes a Large propontion of the primany
inedident beam,

12 must be concluded thenefone that some incddeni photens
- expeadence menely elastic collisdivns and are "scattened” out
of Lhe direction of the primany beasm but without appreciable

Loss of enengy.

Remove the Blank Slide at E.5.13 and repléce with
the Zine Fiiter 564.009.

Measure and tabulate the intensity, I for each

element on the Rotary Radiator as in 16.5.

DI7.7 Catculate the ratio 1/I, and ptet a graph of this
ratic against Atomic Weight

In §ibtex

T L) T 13

) L] T
I Chn Mp Fe Ni Co Cu In

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

sistent and is not an experimenfal errcr.

Observe akso that although the values for 10 varied
considerably, when expressed as transmission there i%
a continuous increase in I/Ia as the atomic weight of

the "fluorescing" element increases.

As the Atomic Weight ircreases so the "population” of
electnons in the efement increases and fhis gives nise fo an
dinenease in the intensity of tsoattened” nadiation folowing
elasfic collbisions,

DI7.8 Replace the Zn Filter with the Copper Filfer,
564.006, tabulate the results, calculate I/1; and

plct the transmission graph.

i, 11 Cu filten

G T T T T Y T —T

V Ctx Mn Fe KM Co Cu iIn

Observe that the unexplalned 'kink' is still present
but that the hitherto straight line curves dowawards
at the high Aftemic Weight End.

Evidently the andiation "fluonescing" from the Zn element i3
being parntially absonbed by Zhe Cu §ilien.

"Seattening" cb the prime canse of this reduetion can be

7

eliminated sdnce the effect <s» not Likely fc be radiecalfy
diffenent jon nedighbouring clements such as Cu and In.

Sandbarty the "kak" conncd be due fo diffenential scatiening
since L8 44 wichanged whethen the Cu on the In fiften is
predenrt.

EVT.9 Roplace The Cu Filter wilh the Cobalt Filter 64,000,

1abulate the resulls and plot the transmiusion grapt,

o Co fiften

\/

L
vV Cx M Fe NL Co Cu 1In

il
Okserve thal sn abrupt cdiscontinuiiy has appeared,
“although a curve-dawn before the discontinuity is
evident (for emission from Yhe Cc radiator) and the

'kink' has disappeared.

Following D16 it is o be expected that emiasdio ™ fLuonescing
grem the In and Cu radictons wiff excile the element Co; but
the Cobalt emission seems Lo be parily exciting itself!

Togethen with the absence of the 'kink' the results ane
beconing diffleuld Lo intenpred, as Andeed Henny Moseley
discovered anound 1910; it woutd be prudent to continue the
senies of expeniments befone making durthen conclusions!

DI7.16 Repiace the o Filter with the Nickel Filter 964.004
and tabulate and graph.

Wi, 1 Ni ilten
7 s~
-
\
/ 3
\
1
Nt
G T T 1 T T T

1
V Crh Mn Fe N Co Cu In

MGSELEY 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 (7.7, 17.8, 17.9 and 17.10 with
the classification of Ni and Co reversad.

i, M In gibton

v Cn Mn Fe
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yi, 17 Cu fubten
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Co Ni

Observe that the 'kink! in all cases is ellminated and
that the curving-down of the lines 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 elenent occuns
between the Ko and KB Lines of the neighbouaing element in
incheasing alomic numben dixecdion; this technique £s
frequenty wsed o filtexn out KB £ines Lo obtain o beam of
esdentially monochromatic, Ra, radiation.

The posditions of Cobaft and Nickef in the Pernlodic Tabte of
thements should be detenmived by the nelative vafues of thein
characteids fic speetra and not by thein afomic weights.

absorption edge'wavelengihs for each of 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 glven for Zn, Cu, Ni and
Co wlth the results obtained in DI6 and note the ralative

accuracy of the experiment.

The study of scattening, due te "elastic" and "inefastic"
coblisions provides evidence that ihe wavelength of the
abschption edge 46 different and discheet for each element
and that the efewents can be artanged in order of decreasding
wavelength.

The discrcet disposition of efecinons in an atom depends ou
the popufation of the electuons and this £n fumn L4 associnted
with Zhe nuefews. Moseley boldly posiufated that ...... we
have kene a proof that there is 4in the atom a fundmnental
quantity which incheases by regubar sieps as we pass from one
element Lo the next. This quantify can only be the change
associated with the centaal posifive nuclens,”

D18 — MOSELEY'S LAW (30 MINUTES)

In 1913 and 1914 Hemry Moseley made a sysiewatic study, using
photoghaphic techniques, of the X-nay emission Line spectra
of atl hnown elements from Aluminium to Gold, placed at that
time in the Perfodic Classdfication of the Efements acconding
fo thein Afomic Weights. He presented a simple sendes
wherein eveny element emits an X-aay spectrum which 44 pre-
dictabfe from the apectrum of Lés neighbowrs and which is
detenmined by an dntegen I, its atomic numbexr, in accordanee
with the equation

Vifa =k (2 - s)

whene A s the wavelength of the spectral £ine and K and &
are constants.

With this theony, Moseley pnedicted that not onby Coball but
abso Angon and Teffurium wene mispfaced in the Periodic Table
aned that there were elements as get undiscovered having
Atomic Numbens 43, 41, 72 and 75,

Since Moseley wonked with chawpetendstic emission spectna, Lo
nephoduce his work woukd nequine a nrange of X-nay tubes.each

having diffenent target anodes and, apart grom being cosily,

this woubd be extremely time consuming.

Experiment OI7 illustrates that absorption edges are slightly
ditferant from, but just as discreet as, the emission wave-
lengths; it is therefore possible to both cost - and flme -
effectively simulate Mosaley's work through an analysis of

absorption edges.

A preliminary anquiry into Moseley's Law has thus already
been contributed by Experimental Programme DI7.

18,1 Analysis of the alements {30 minutes)

K:T 5824583 30 kY 50 uA NORMAL LAB

ELEMENT EMISSTON, nm ABSORPTI ON
At.No | At, Wi.|SYMBGL Ko KB Mean K edge
23 50,94 v 0.255 0.228 0.242 0,427
24 52.00 Ch 0,229 ¢.208 0.815% 0.£07
25 54.94 M 0.210 6,191 0.200 0.189
26 55,85 Fe g.194 0,176 0,185 G.174
27" 55.93%  Co ¢.179 G.162 0.170 0.181
£8 5¢,01% N 0.166 0,149 6.157 0,148
29 63,54 Cu 0,154 0,139 G.146 0,138
3 65,37 21 G144 G.179 0.1327 0.12§

The above table shows the Ko and KB emission lines and the
23 '

Using the Tren, Manganese, Chromium and Vanadium
filters and the Fotary Radiator, TEL 564/001, the
aralysis of {luorescent raciation can be extended to

provide four more graphs.

: 1/1 e
Mo Fe gibten ¢ Mo gitten
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1 1/1
Cn filtex V jilien

e |

Mn Cr

1

Thae experimenial procedure is as for prearamme 17,

1+ is perhaps a more interesiing practical exercise to
remove the identification from say 3 of the 8 tilters
and ask the stuedent tc identify the elements by compar-
ing at which wevelengths their abscrption edges occur

in relation to those of knouwn elements.

The labefs on the eight #ilters have been designed such
that the Atomic Symbol can be cut awey to leave dnly the
catalogue number for identification; the numerical
sequence of these numbers bears no relationship to the

sequence in the Periodic Table. E '

Nomograph of Moseley’s Law

) = hd < <3 = = = =) =] = =] =1 <= <
ol oy = oy o4 -— = o o ™ e n =¥ oy o~ N
ol Y] o~ & o~ Ll ™~ — - — — - -— —— -— .o
< (=9 < (=Y = < < < =Y < IS < < o © “,
Wavelength , rnm
4 C s :
’ A A /] A L4 LA A Emissdon Line , KB

/ /r / ‘/ // '/ /; /( Enu'.&éiorf mean , K

Emissdion Eine , Ko

N
N
N

< i Y 4
Absoxption edge , K
1 } 1 | r Y Y
23 24 25 26 27 78 29 30 -——— Atfomic number , 2
v Cr M Fe - Co NL Cu in  ———— Efement

No thonough investigation of absoxption and scattering should
be fenminated without some eonsidenation being directed Lo the
"secondary efection emission” present when an absonpiion
pracess {6 detected ch the probability of theae being some
Loss of enengy experienced by X-ray photons when wndengoing
menety efastie collisions.

The accessonies necedsany to peafoum experiments D20 and D1
are not yet avaifable.
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D12 — FINE STRUCTURE {4 HOURS)

At D15.9 electren irarsitions at energy-tevels of iow
principal quanium rumber were studied in reletion to The

emission of KB ond Ka radiation.
In spi‘e of the compaci geometry of the Tel-X-Cmever it is
possible to separate the Cuka into ifs fine structure.

KIT 582+583 30 k¥ 80 yA NGRMAL LAR

DI%. 1 Mount the Auxiliary Slide Carriage in Mode h {see Part

I, para. 10.4) using the Imm diameter Primary Beam
Col limator £82,002.

D19.2  Cut open a Filmpak 75C/2 in a dark room and using &

sharp cork-punch make a hole in the centre of the film

of |0mm diameter.

DI9.3 Mount the film within a black paper envelope, as
described in para 05; do not incorporate the Lumines-
cent Screen. Mcurt the prepared envelope in the
Frame of Cassette 562.013 but with the square metal
backing plate removed. Mount the assembly at E.5.4.

DI9.4 Carefully mount a length ot Aluminium Wire 585,005

on the crystal post by means of a Spindie Clip 567.008;

ensure that the wire is straight and vertical.
9.5 Select 3CkV and 80 pA. Expose for 3 hours.
Return to the darkroom ang process the film.

Observe the Debye Scherrer type pattern of two can—
centric rings recorded from back retlections of high
order angle from the A£ wire {see para D27 and 28).

019.6 Reconstruct the experiment and measure the distance
from the centre of the crystal post to the fllm, £ mm.

Measure also the diameters ‘DA and ‘DB .

The angle A is 360 - 481 where # is the Bragg angle ;

similarly B is 360 - 48, .

s
Thus tan [ 186 - 29, | = 7

g
and fan[lBﬂ-fBz}- -

Evaluate 8] and 8,2 and given that the reflections are
due to the [511) planes at a spacing of 0.0779 am ,

calculate Ay and )\2 .

A = 2d/n 4én 8 where dfn = 0.0779 (see (26 }

Calculate to four signiticant figures.

( A, = §.1541 and Ag = 0.1544 nm ).

DIY9.7 Observe that the intensily of the circle due 1o oy is
less 1han that due to oy -
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At DIC.9 the diffenence in intensity between the Ka and KB
reffections was altnibuted Lo the nelative proximifies of

L akd the N and M fevels fo the K fevel; the greaten the
enehgrt di ffenence of the efeefnon fnansition the shonten the
wavelength but the fess the intensily.

The guandun theohy posiufates thuee possdible erengy sfates
gon efectrons in ithe L fevel due o fhe effect of both
onbital and spin angufen momentum.

A the K fevek, where quantum numter n = 1 and £ = 0, the
sefection nukes peamit only one vafue, §, for j and S0 thene
ib onby one energy fevel, AL the L Levef whene n = 2, the
vatue ¢f £ can be 0 on 1 and thus j can be } (£ = 0 on 1) and
14 {e =1}

Enengy |  Sub Quantun Nunber Radiation | Refative
levek level n £ i Emiited Infens ity
L 3 2 ! 1 Ka, ?
7 2 1 i Ka, !
1 ¢ ) i - -
K - 1 0 ! - _

The sefection rufes nequite that 6€ be 1 for electnon than-
sidions; this 4 not satisgied by Ly + K Lransitions hence
thene can be no emission of energy. Tnansitions Ly » K and
L, » K both satisfy the sefection hules fon 68 and afso fon
§f. Enengy 45 thus emitted in Zhe fonm of Koy and Ko,
nadiation and, in accordance with Summerfeld's Antensity
huke, the relative intensdity of the emissions s 2:1.

The rebative intensities of the Ko and K8 xeffections can
sdmilarky be deduced to be 5:1; this natio is not observed
exaotly in the graphs of expeniment D14 due fo the greaten
absonption of the soffen Ka radiation.



EXPERIMENTAL PROGRAMME D22 TO D30, CRSTALLOGRAPHY (45 HOURS)

The performance of programme D22 to D30 is intended {o ,

fami | larise the sfudent with the basic principles of crystal-
lographic analysis.

for a comprehensive treatment of X-ray Crystallography,
reference should be made to standard text books.

i+ is general practice In higher education to allocate 4
 hours for student practical work pericds; the techniques and
materials used in this section have been carefully selected
to provide the student with meaningful results withln this
period of time ; where possible Debye~Scherrer exposuras are
limited to 3 hours thus aliowing § hour for setting-up, for
f11m development, for discussion etc.

In expenimental programme DI5 the LiF caystal is used to
accurately detenmine PRanch's constant; measwiements of the
intencept on the x-axis of the graph are more precise than
with NaCg due to the fanger angfe 20; Zhe eagsial spacing
given <n DI5.8 Andicates smabler spacing for LLF and hence
Eangen 203 fhis L35 in accondance with the Bragg equaiion.

Both Li and F Eie .in the second period of the Perfodic Chart

where efectnons are present at the K and L Levefs; Na and CE
ane in the third period and efectrons are noi onby present in
the K and L Atates but also at the M fevef; ihe addifion of

efectnons dn the M state seems to nesult in a Largen crystal

spacing ‘d'.

D22 — ATOMIC S1ZE (20 MINUTES)
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D22.1 Set up for Bragg reflection as in DI4.i to Dl4.6.
D22.2 Minlmise the CuKp radiation by inserting the Ni fl!’reﬁ

TEL 564.004 at E.5.17.
Dz22.3 Increase the tube current to 80 pA.
D22.4 Using a Retemeter, search and record the 20 angle for
the first diffraction peak for CuKa radlatlion,
A =0.75%4 nm.
Tabulate and calculate d , assuming
n =1 in the Bragg equation m\ =2 d sin 8 .
Chystal 28 4 &in 8 Az d nm
NeCE
{yellow) 0.077
Kee
[gheen) ¢.077
RbCE
{ned) 0,077

D22.5 Repeat the experiment using the KCZ crystal (Green).
D22.6 Repeat the experiment using the RBCL crystal (Red).

increases with the
in the third
in the

Observe that the crystal spacing, d
Afomic Number of the Alkaline metals; Na
period has eleven electrons at K, L and M levels; K
fourth pericd has nineteen etectrons but in tha K, L, M and N
states, whereas Rb has thirty seven electrons in the five

energy states, K, L, M, N and O. Chiorine 15 common to the
three compounds and thus the evidence suggesis that the size

of Indlvidual atems increases with atomic number.

Il

Crystalography 44 not a 'dinect' scierce; cupital structunes
are. positulated afien inteapretation of all the evidence avail-
abfe including the morpholugical, the optical and the
chemical propenties of the specimen; the alhaline hotides
are both morphoLogically and chemically similan and the
student could expect that these salts will exhibit simifar
crygsdal siruetures,

The experdimental evidence 40 fan indicates thai the Buagg
postutation [that NaCl is of cubic stauctune) {s acceptable;
il i newanding at this stage fon the student to buifd atomic
mode£s but it is recommended that contacting sphenes ane used
hathen than point-cenine Lattices; this neminds the student
thei the phenomenon of X-ray diffraction L4 a furetion of
efectron densdties and Pocutions and is noi due fo the
nelatively point-centred nucfeus; ithe student will alse :
find it £ess confusing when studying the recipnrocal Latiice,
which wilf be seen to be necesdanily point-centred.

D22.7

The Ne atom, with [| electrons, is thus smaller than

the CE atom (17 electrons); +he K atom, In sharing
an electron with CE is of equal size and the Rb atom
(37 electrons} Is larger than that of Chlering; +the

three models should depict these retative sizas.

D22.8 The size of atoms is of great importance in metal-
lurgy when studylng crystal cohesion and in the devel-

opment of alloys having speclflc mechanical propertles.

D23 — UNIT CELL {CALCULATIONS — & MINUTES}

023.1 The table of D22.4 was drawn up from angular measure-
ments of the first Bragg pesks and defines the
largest spacing within the three crystals 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,

4 4

a; % %5 4y 43
/N AR

023.2 A plan view of a model of NaCf exhibits a pattern of

ineident
x-Aay
beam

repetitive symmretry; a pattern of symmetey is apparent
in the Laue photographs of experiment DIEZ and cne of
the first obiectives in crystallography is to establish
the linear repetition frequency of & symmetrical

pattern in each of three dimansions.
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In the a=direction itiustrated, the symmetrical
structure bordered by layers a, and ay is repeated by
8q and A, by ag and a3 gte; an identical gecmetric
form can be repeated by choosing 32/a4, 34/66 etc.

D22.3 Accepting the cubic proposal a symmetrical patiern
should be eviaent in both the b- and c-axes and hence
a “building block" can be detined as indicated by the
bold line, the nature of 'the atoms at the vertices

being consistently either ¢f or Na,

In DI4 the distance between adjscent unlike atoms, Na
and C2, d was calculated to be 0.282 nm; the distance
between iwo |ike atoms, O and C£ is twice this spac-
ing and hence the length of the side of the "building
block" is 0.564 nm.

This repetitive geometric tigure, when established in
3-dimenslons, is defined as the UNIT CELL. Where a
cholce axists with geometric forms of identical area
then the form most clearly appreaching rectangular is

usually adopted.

t'23.4 Experiment D22.4 establishes that the length of the
edge of the Unit Cell of NaCE in the arbitrary a-
direction is Zd . Simllarly 'a' can be established
for the Unit Celts of KCE and RbCE.

Unit Celd
Cnystal Side a
nm
NaCL
Kce
RbCE

D23.5 Retlections are not observed for spacings equivalent
to the slde of the Unit Call by virtue of destructive

Interference.

When waves faom Layer ¢g are one wavelength behind those grom
Lagen a;, then waves gnom Layen a, must be half a wavelength
Lagging on these from Eagen a and exactly opposite in phase;
sdnce the Lagens throughout the crysinl contain the same com-
bination of atoms of Na and CE, the efectnon densities axe
the same and s¢ the diffractive powern of the fagens L4
identical; 4the waves from Layen ay thenefone exactly cancel
out those from a;.

I¥ is necessary to verlfy that the crystals are of cublc
form andsto evaluate the length of the sides of the Unlt Cett
in the b and c directions; once ali these shapes and
dimensions have been determined, the positlon of the atoms
within it must be discovered; tc achieve this both a datum
and & sultable system of co-crdinates Is required.

D24 — CO-ORDINATES (30 MINUTES)

D24,1 MNow that a Unit Ce!l for each of the three alkallne
halide crystals has been proposed, the groups of
laysrs 33/65 and above can be defined as mere repetit-
ions ot all diftracting electrer fayers of the Unit
Cell group a, to Az all having a spacing of 'a'
nanometers. I f the facing layer of the crystal is
defined &s a, as in the illustration of 023.1, then
all layers with an odd suftix can be redesignated as

repetition a  layers.

Mote that the datum is arbitrary and an a, layer

|
could equally have CE& or Ma as verlices but once the

- decision has been made it must be conslstentiy applied.
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D24.2 The essential condition for diffraction from the 3,
layers |s that the Bragg law is satistied :

i =2asiné .

The eguaticn can be written In terms of &in 8§ :

nfa 1
sdn @ T
and represantad diagrammatically : Ty
1/
P 2

nla

The polat R bisects the side PO and it R Is Joined
to @, QEP is equal to 20 .

When 26 = 0% = @ , @ colncldes with P and aP can
thus be consldered as the DIRECTION of the primary X-ray
wavefront ; simllarly ED represents the DIRECTION of
the dlffracted wavefront due to censtructive Interfarence
of reflections from P and § , having a separation

ot #ufa ; thls is a reclprocal dimension and in real
terms the separation of P and Q [s afn nanometers.

Aincident
wWavefront

—— mam s e

reflected
wave frond

Since n must be an Integer PQ can bs represented by

a reciprocal |inear scale In terms of n/a .

[4 1 2 3 4 5

-
v ]

[e=1/a

fer—ema- 2 [

le———— 3/a ———>]




Dz4.3 PﬁO is always a right angle and tor a fixed wavelength,
A the tocus of the point Q is a "Circle of Reflection"
of radius Ll and centred at R;

B
scale a dlagram can be constructed and measurements of

by choosing a convenient

angles of reflection and reciprocal spacings can be
fraad-of f" without the need to constantly solve the

Bragg equation for 0 or d.

et I/a nm ' = 2 cm ; then Il nm = 2aecm and
A oem | = 28/ cm -
Hence RP = /A = 2Za/h cm and for

NaCE where a = 0.564 nm , AP = 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 NaCt ;

130°
Tel-X-Ometen moximum

R NaCk
L

7.30

10°
Tel-X-Ometen mindmum

I the centre |inear scale PQ were rotated about the
Origin P and the Circle of Refiection constructed to
the same scale but printed on transparent material
and graduated in degrees for increaslng angles of 20
then the peints for predictable diffraction QI' 02
e¥c. could be read directly.

D24.5 The Reclprocal Lattice Calculator TEL 583,003 is

constructed in this manner; only the arcs of the
circles relevant to the Tel-X-Ometer geometry are

printed for each of the alkatine halide crystals.

Small pin-holes are drilled at the origin, P, for

each circle of reflectlon,

Lay the Calculator on the diagram of D24.4 and locate
the NaCf origin on the point P of the diagrem using 2
mapping pin.
Calculateor and observe the intersection on the circle

Rotate the diagram underneath the

of the integer intervals for n on the line PQ.

p24.6 Tabulate the measvred angles in the 'Theoreticat'

column for 20.

D24.7 Set up for Bragg reflection as in D22.1 to D22.3

D24.8 Using a Ratemeter, search in the theorctically pre-

dicted regions for diffraction peaks; tabulate the
results in the 'Actuval' colume for 20, noting aiso

the absence ot any predicted peaks.

]
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[
theonetical actual
i
4
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 fcllow later).

The absence of peaks when n = | has been discussed In
023.5;

absence of peaks whenever n is odd must similarty be

it is ressonable to assume that the observed

due to destructive interferences.

D26 — THE UNIT CELL, TWO DIMENSIONS (40 MINUTES)

P
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To confirm the hypothesis that the Unit Cell is cubic, the
length of side must be established In The 'bt diﬁqfflon.
In order to achieve this the crystal must be oriented to

ensure that the 'b' planes are parallel with the primary beam
when 20 = 0° = 9.

025.1 Unlock the crystal jaw-clamp and retate the crystal
itself through a0°,
4
4 2
-———-{E]E)—-———'— g =10 -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 s cubic and since a = b nm a
cursory investigation shows that tdentical 20 angles
will be predicied.
o
3] b direction
2 —
a dinection
1~ -
+
0 2
T
Py I1 |2 l3 4
025.2 Set up tor Bragg retflection as in 024.7, D24.8 and

D24.9 and verify that the angle 2@ for ditffraction
peeks and Mextinctions" are the same for the 'b'

direction as for the 'a' direction.

The crystal has now been mapped in fwo of Zhe thaee major
apparent axes, 'a’ and 'b'; sufficlent information new
exésts to predict the neffections faom planes penpendicufar
fo cthen axes wiich ane not majon.
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025.3 Construct a tattice by projecting the perpendiculars
to the integer points in both the 'a' and 'b’

directions.

4
3
S T
?
’ -~
V4 P -1 -
1 ‘ =
/17
.
P 7
P 0 1 7 3 4 5 Q

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

These points represent PLANES wlthin the crystal;
since the graph is constructed from reciprecal dimen-
sions it Is catled the Reciprocal Lattice and co-
ordinates are usually referrad to in terms of (hk) ,
the Miiler indices.

In terms of two dimensions, the retarence for point §
is (22) where h = 2 and k = 2 and in real terms within
the crystal the co-ordlnates are 0; ;%J.

D25.4 In consldering a three-dimenslonal structure the
equivalent Miller Index for the 'c¢' direction is the
tetter '£'; the crystal has boen located In the
Crystal Post with the 'c' planes horizontal and
parsllel to the primary beam and with no additional
orientation the Index '£' Is zero.

The spatial co-ordlnates for the 5 planes and T planes
are thus (220} and {420} respectively.

D25.5 The spacing of the (220} planes s PS and tharefore PS
represents the directlon of the normal to the planes;
agsln 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.); In this instance, the crystal

must be oriented through 550 when the carrlage arm |5

set at 20 = O, '

D25.6 Oraw the line SP on the constructed dlagram of D25.1
' and, using the Calculator as a protractor, measure
the angle SPQ.

‘ N

3
3
220
z
1

P\1234Q_

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

D25.8 Uniock the 2:1 drive by turning the Knurled Clutch

Plate in an anti-clockwise direction; with the

20

p25.9

D25.10

025.11

D25.12

Carriage Arm accurately held at zero, rotate the
crystal in a clockwise direction through the measured
angle SISQ as precisely as possible and lock up the
Knurled Clutch Plate.

scafe 8 =0
sP

seate 26 = 0¥

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~of{ the constructed Raclprocal Lattice by using
the Calculator; +abulate the measured angles.

< plapeé 2
S 1 thko) [heoneticat | actust

1o
22¢
330
440
430
320
&40
219
420
630
31
620

Observe that 20 tor tha (110} planes Is smaller than
SPQ and considerable abserptlon of the primary beam
mlght ba expected.

Unkock the jaw clamp and carefully displace the
crystal such that the corner nearest the primary beam
is about Imm from the axial centre llne scribed on the

Crystal Post. P

20 - 0 2

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

Cbserve that, as with Table Dz4.6, whenever h or R is

odd there is an extinction.
The l|ength of PS, diagram D25.%, from simple
trigonometry is
sl ety
or in three-dimensicnal terms

4 X pf e el



In reat terms within the crystal

i o g —— nm N
220 ‘,IZZ R 22 . 0)

and in general , for an isometric {cubic} system

d e ——te

hkf ‘,”12 + k? N £2l

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

integers to h ,k and £ such that Wle ke gl o 1, 2 etc

Wl nl el i 3 . Reflectiont R
Extinctions X
! 1 0 [
H ! 1 [/
3 ! 1 1
4 H ¢ 0
5 ? 1 0
6 H 1 H
7 - =] - _
& 1 H 0
79 z 2 !
3 ¢ 0
19 3 1 0
n 3 1 i
12 H 2 2
13 3 2 ]
14 3 H 1
15 — 1 —| — —
14 4 | 0| @ P
17 3 2 g
4 ! 0
18 3 3 0
4 1 1
19 3 3 f
20 4 2 [/

025,13

Observe that the seventh and fifteenth terms of the
series are absent since 7 and 15 are not possible
comb|nations of h2 + kv gt

Compare the results with Table 024.6 tor (kR 0 0)
planes and table D25.9 for [A kR 0) planes, noting in
the last column the observed presence or absence of
reflections.

To verity the prasence or absence of reflections
from the 9 planes where £ is not zero it is first
necessary 1o establish that the “space-lattice" is

indeed cubic by evaluating tha length of the side of

the Unit Cell in the 'c¢' direction.

The geometry of the Tel-X-Cmeter 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 convenientiy
oriented to present an adequate area to .the primary

baam.

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

rotating single crystal,

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

KIT 582+583

. TEL 587 NORMAL LAB
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As the cagstal s nofated about fhe 'c' axis neffections
Wil occur {0 pLanes (h b £) when £ &8 not zeno only when
the Bragg condition £s satisfied, but the dineation of the
nefloction will have a verticaf component; wher £ 44 zeno,
as 4n afl experdiments 40 far perfoamed, the G, M. tube is
nofated anound the chystal in a plane panallef and co-
incident with the X-nay beam; 2his {4 the Equatorial PLane
on zero fager. . '

1§ constmuctive intenfenence 4s fo be achieved from the ‘o’

* planes, panalled o the X-nay beam, then the path Eengths

of the scattered rays must differ by a whofe numbes of wave-
Lengths, w .,
reflectod

Ancident
wavefriont

Thus 6 = ¢ cos & = m,

X-rays are seattened {n all directions, but fon a given 'e',
n and ) £he angle & it constant and s0 only those anys
emifted in a cone of semi-ventieal angle & wiff co-operate.

Buf the Bragg equation must also be satisfied and fhene will
thenefone be discreet neflections around the cone as the
crnysial is rotated; .in the Equatonicf Plane 4 is 90° and
hence onfy the Buagg condition appfies, but with digferent
integen vabues for n other cones axe defined with decreasdng
semi-ventical angles d as n increases,

The dinections of the discreet reffections in each cone ecan
be predicted from an analysdis of the Reelprocak Llatiice,

In para D25 a Circte of Reflection was used in conjunctlon
with a Reciprocal lattice based on the h and R planes; a
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 circtes,
PR is constant and for reflections involving all three co-
ordinstes h, k and £ the Bragg equation must apply and hence
the locus of Q [h k £) is a sphere centred at R, of radius
PR and rotated in the plane ot the paper about P.

30



026. 1

026.2

D26.3

31

On cenfimetre graph.paper construct 3 Reciprccal
Lattice to the scale a = b = 3 em, as in D25.3, wp
toh =k =6.

On the Rk axis construct the Circle of Reflection
for LiF (a = b = ¢ = 0.403 nm) such that RP Is
5.21 cm radivs. The reason for using LEF and

not NaCf is discussed at D26.9,

5.21 cm

On a second piece of centimetre graph paper consiruct
an elevation view of the Sphera of Reflection to the
same scale as in D26.| and draw in lines reprasenting
the adge view of the h k lattice at £ =1, =2, =3.

2=
223 P~ [E_F
£at A///‘i\\s B H///‘\\ ¢

\

~

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 LiF and CuKe radiation.

The sphere intercepts the (k k £) lattice at the
clrcle AC and the cone of reflections AFC can be con-
structed by jeining AF and PC.

Similarly DPF is the cone for the (k k 2) reflections.

Yo predict the dlscreet directions ot possibile
reflections in these cones, the 5Sphere must be
rotated about P In the plane of the paper of graph
D26.1.

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

already constructed.

)4
B
4

026.1

D26.5

D26.6

D26.7

Simulate rotation ot the la¥tice by scribing arcs,
centred at P, for all lattice points; these arcs

should be drawn fo intercept the three. concentric

circles.
hied 421
‘(/”’ 420
302
hiel 301
112
v
[——1— 300
. \ A
%

hk? , 7

i 119

All these points of interceptlion represent theoretic-
ally possible reflections.

Observe that there are 28 possible reflecfloﬂs on the
circle for (W k 0), 26 on the clrcle for th k () and

only 22 on the circle for (h k 2).
the teft hand slde of the clrcles can ba obtained by

Reflactions on

drawing arcs from lattlce polnts where h §s classlcally
negative; half of ¥he above reflections are thus for
(h k£ planes.

If a flat film were placed above the crystal in the
(001} i.e. at ABC In Diagram D26.2, the
reflections in cons APC would lie on a clrcle of
dlameter AC;
recorded as a clrcle of diameter GH.

plane

but reflectlons in the cone DPF would be

Measure the radlus BG and construct an equivalent
circle on the dlagram of D26.4 concentric with the

existing circles.

Join the centrepoint to each of the 22 Intercepts on
the circle for (h k 2},
cept the circle of d¢lameter GH possible reflections

there these radlals [nter-

will be recorded on the film.

Draw smatl circles about 4mm in dlameter at each of
+he 26 intercepts on the circle for (R k I) and the

22 intercepts on the circle GH, the transferred inter-
cepts on the circte for th k 2).

ednele GH

The constructed diagram now represents a large scele
version ot & thsoretically possible photographic
record on a flat film placed above (or below) a
rotating crystal, in the 'c' directlon and parailel
to the '£' planes; the small 4mm circles will 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 completsly absorbed within the crystal.



D26.8

D26.9

In experiment DID.14 the Linear Absorption Co-efficient

w is defined by the equation

IT=11re .

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

di ffracted beam increases as the volume of the crystal,

thus as tz .

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

-ud 2
I,e .
The condition for fthis to be a maximum is that

=2/

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

efficient, Wy as

H=p Bm

where p is the mass denslty of the material.

for a chemlcal compound

wepIpp,
where p is the proportion of each element present in
the compound.

To cleave and mount very minute crystals requires
the LIF
crystal is chosen for the Upper Layer Reflectlon

expons|ve apparatus and considerable skill;

expariment as having the smallest Mass Absorption
Co-efficlents and thus the least diminutive crystal.

Reforence to Stsndard Tables reveals that for LiF,
p = 2.601 x 10° Kg per m>
for F is 1,64 per kg. for CuKa radlation.

The percentages can be deduced from the Afomic Weights.
Li, p = 6.94/25.94 = 0.27

F , p=19.00/25.94 = 0.73

whance L p My, = (0,27 x 0.07) + {0.73 x 1.64}

m2 per kg.

2,601 x 10° x 1.22

5.8 x 10° o

= 1.22

=
n

ang & = 0,63 x 107" matres.

To perform an experiment to verlfy the theoretical
LEF 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 tweezaers locate and lock-
in posltion @ Mini Crystal of LiF, such that the
crystal protrudes 4mm beyond the end of ‘the chuck.
Ensure that the crystal is co-exlal with the chuck.

026.11 Remove the |id from the Powder Camera and extract the

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

Stide the backstop over the end of the primary beam
col limator inside the cemera such that the X-ray
beam is reduced to 0.5mm in helght by the cross-slot
in the backstop.

and u, for LLis 0.07 and  §

D26.12

026.13

D26. 14

D26. 15

D26. 16

D26.17

026. 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:

fowder Camera and Lid.

Samplée Post with crystal [oaded.
Flat Film Envelops, TEL 586.002.
Filmpak, TEL 750/2.

Sharp pair of scissors.

Cut offt the flat end of the Filmpak and careful ly
withdraw the film;
and aveid creasing or scratching the surfaces (see

hendle the film only by thé edges

Introduction to Radiography, page 39 ).

Place the fiim In the Flat Fitm Envelopa. Trim the

film to the size of the Envelops.

Locate the loaded Envelope in the bottom of the
Powder Camera, under the primary beam col | imator;
the Envelope should lIle flat with the withdrawal fag
located In the recess tn the wall of the camera |
oPpEIsl‘re the colllImator, narrow backing strip upper-
most.

Replace the 1id, 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.

Vorlfy that the 1id [s fully seated. *
Carefully place the Sample Post, loaded with the
crystal Into 145 bore In the |id and ensure that |+ s
fully seatad In 1ts bearing.

Do not replace the Lid with the Sample Post In posltlon
as the piston achlon of pushing the |1d down will
propel the Sample Post out of 1ts bore.

Transport the loaded camers out of the dark room fo
the Tel-X-Ometer; open the Tel-X-Ometer by silding
the Scatter Cover to the same slde of the Instrument
as the Power On Indlcator Lamp.

Locate the 1mm Dlzmeter Colllmator TEL 582.002 Into
the Basic Port as 1n Part 1, para 10.2.

Remove the Crystal Pest and Jawclamp and rotate the
Carriage Arm to 20 = 900; It covers the k¥ selector
switch which should be set at 30kY.

Unlock the Clutch Plate and, keeping the Garriage Arm
at 20 = 900, rotate the Slave Plate until 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 cemralr shaft such that the ll-shaped projection
on the camera body Is supported by the outer diameter
of the Primary Beem Col | imator and the underside of

the camera rests en the Clutch Plate; the central
shaft locates In a recess under the Powder Camera;
the Camera should lie horlzontal and be a good fit in

this position.

There is a screw ln the shaft recess under the powder
camera; adjustment of this screw will emsure that
the camera is held lightly against the Primary Beam

Collimator.
This screw should only need adjustment the first time
the Camera is located; thereatter the camera will

slip-fit into its self-aligning position.

The Clutch Plate shouid be screwed down untll the top
ot the central shatt just butts up against the
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plastic of the camera; now screw-up the Clutch Plate
by about halt a turn tu ensure that the cuter skirt
of the camera is resting on the Clutch Plate and

thereby preventing the camera from rocking.

NOTE: 14 the Clutch Plate will not screw down
sufficiently to achiove this, unscrew it comp letely,

remove the cross—shaped spring and raplace the Clutch.
When replaced, the centre-bore of the spring should

locate on the bearing and the tips of the four arms

should press on the underside of the Clutch Plate.

D26.24 The Motorised Drive Unit TEL 587 is used to rotate

the crystal in the camera at about 6 revolutions per
minute. Locate the 4mm plug on the base of the
Drive Unit in socket B, situated close o @ = 452 on

the spectrometer table.

Turn the Drive Unit untll the extension shaft points

to the cantre of the Sample Post in the Powder Camera;
use the Allen Key affixed to tha mains cable to
adjust the position of the bevelled gear on the exten-
slon shaft to establlsh correct meshing of the gears.

I+ may be necessary tc ralse the Drive Unit slightly;
the friction of the dmm plug in the sccket will
suffice to maintain the raised position.

D26.25 Hold the Drive Unit in position and trail the mains
cable down the Carrlage Arm and outside the Scatter
Shield; switch on the Drive Unit and ensure that the
Sample Post is rotating.

D26.26 Glose and centralise the Scatter Shield.  Depress
the X-rays On button (30kV already selected).

Adjust tube current o 80 nA.

026.27 Set the Time Switch to maximum. EXPOSE FOR 4 HOURS.

NOTE Tt Meaningful nesults can be obtained ir 3 houns but
#he (311) and monre especially the [351) heffections will be
veny faint; howevea the (111} (111}, (h & 2) and (h k 2)
reflections ane sufficiently intense fon furfhen analysis.

NOTE 2: 1§ if 45 nequined to filfen out the Cukp reffections

{ace paaa. D26.29) a thin piece of Nickef foif shoutd be

afdixed, using adhesive tape, on the Imm Diameten Primary Beaw

Coblimaton; exposunes of about & hours ane nequined.

026.28 \n the Gark Room, extract the Sample Post before
removing the 1id of the Powder Camera.

Take out the Envelope by means of the lifting tab.

Process and dry the film.
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D26.29 There should be six intense eslongated spots on an
inner ring and six on the outer ring; each elengated
spot is accompanied by a less intense K8 reflection on
the shorter wavelength side of the Ka reflections (i.e.
on that side which is closest to the forward direction

of the primary beam}.

The direction of the primary beam can be ascertained

from the shadow of the collimator system.

With a pin, pierce a hole through the film at the
centre of each Ka elongated spot; ignore the Kg
reflections., Observe also the hyperbolae caused by

the white radiation.

026.30 Place the film in a Supersiide TEL 585.007 and load
into a Slide Projector having an 8.5cm, f 2.5 lens
(e.g. Rank Aldis Tutor 500).

026.31 Project the image onto the diagram constructed a¥ D26.7
backed by a plece ot 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, Pancil in the smail circles which are

i ltuminated.

Establish by means of the diagram the co-ordinates
(h k £} tor each of the reflections and tabulate these
neW results in the table D25.12.

Observe that, it zerc Is assumed to b& an even number,
only whenever k, k and £ are elther all odd or all

even does a retlection occur.

026.32 The comparison between the geometrical construction
and the experimental photogrephic image provides
evidence that the crystal 2tructure of L{F is of
cuble form where a = b = ¢ for the unit cell.

D26.33 To experimental |y evaluate the size of the unlt cell
an estimate should be made, as precisely as possible,
of the diameter of the {h k 1)} and {h k 2) clrcles on
the exposed flim; these are the diamsters tac! and
Tdf! in D26.2.

D26.34 Replace the Fiim Envelope In the Powder Camera, wlthout
the film inside it; as accurately as possible measure
the height of the centre of the 0.5mm slot on the
col | imator from the surface of the Film Envelope.

This is the dimension 'bp' In D26.2.

D26.35 The semi-vertical angle, § for each case is calculated

from

tan §y = jec/bp and tan b, = idi/bp

ang 'c' |s determined from the equations

A=ccos dy  and D= cod by

{(LiF is cubic, face~centred, @ = b = ¢ = 0.403 nm).
The cruysital has beer notated about a vertical axis perpendic-

wlan to the X-nay beam; the axis of hotation does not have
to be verntical but it must be penpendicular fo the beam,

" 14 thenefone the chystal wene Lo be funthen notated about #he

axis of the pnimery beam a» wellf as about an axis peapendic-
ulan io the beam then the Rocus of each observed neffeciion
would be a cone concentnric with the X-ray beam.

The intensection of this cone and the Sphene of Reffection
is a cinele, co-axial with the X-xay beam and in a plane



penpendicufar fo if; viewed <n plan, as in T26.7, the inten-
section 48 a sfrgight Line, the edgewise wiew of the elncle,
parollel to the “h' axis of the diagham.

D26.36 Draw two Ii-nes, parallel to the 'k' axis, one fbrough
the (220) intercept and one through the (420) inter-
cept. Cbserve that these iines pass through the real

intercepts, on the thecretical circie DEF, of the

reflections (202} and (402},

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

An apparatus to impose simultancous notations in these two
directions would prove expensdive; but by powdeaing a crgsianl
of LiF a veay Eaage number of minute caystats coubd be
presented fo the beam and it is neasonabfe to expect that
these caystals would nandomby £4ie in Lhe conrect ondentalion
to paoduce neffections from all possible plares; +Lhese re-
flections would £ie on cones co-axial with the X-ray bee,

D27 -~ POWDER ANALYSIS (4 + 3% + 4% HOURS)

Remove Crystal Post and Jaw.

KIT 5824583 30 kV 80 uA NORMAL LAB

1f, 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 §requenily depends on the
manual expentise of the experimenten in preparing the sample
jor radiation and in corneetly seiting up the Powden Camera,

The Powder Camena 58 has been designed Lo provide automatic
precision alighment once the Tel-X-Ometen has been conrectly
sed (as fon Bragg fype experiments] and the camena adfusted
as £in pona, D26.27.

Powden sampfes can be pnepaned in the eonventional mannen by
making a paste of the powden fo be anafysed and gum,  RofL
the paste in the pabm of the kand infc a small bead about

4 An diamefen; sefect a Glass Fibre 567,004 and push Lhis
through the centne of the bead., Now noff the bead abouf the
axis of the fibre uniil Zhe paste "grows" along the §ibre to
a fength vf about 10mm and a diameler of not greater £han lTnm.
Thim the sampfe fo be Ismm Bong with the gloss fibre protrud-
dng Sem from one end,

The preparation of such samples nequires considenable dexten-
ity and evidence of correct prepasation {4 onfy avaifable
after a fengthy exposure {n the camens; ALf the preportions
of powden and gum axe fnconrect then nol onfy 48 the situdent
exaspenated and disitlusioned but valuable experimental time
i wasted.  Neventhelfesa, it is impondant theti the sifudent
skoubd Pearn to prepare his own samples for Lhaadiadion and
thenefore the ensuing nelatively simple technique {4 recom-
mended,

G27.1

L27.2

027.3

L27.4

D27.5

Pierce the end of the tube of Acetate Cement 585.009

with a pin lmm in diameter.

Mount a Sample Tube Wire 586,003 in the Sample Post
of the Powder Camera such that Smm ¢f the wire is

secured in the chuck.

Insert the wire nearly to its tull length into the

1ube of Acetate Cement, rotate it once or twice and
Allow the
cement to dry very thoroughly, preferably in an oven

thean extract it in one smooth movement.

or over a radiator.

When dry, remove the wire trom the Sample Post, place
one end in @ vice and hold the other end with a pair
of serrated jaiv pliers; pull the wire along its

length until it yields ; the acetate 'capillary fubé' .

will be released from the copper wire.

Using sharp cutters, remove one 'spoiled' end atf the
wire; the capillary tube should suffice for three

sample tubes each I5mm lang.

'
Care should be exercised to ensure that the Sample

Tube Wlre is kept vary siraight throughout this prepar-
ation; allowing 30 minutes drying time the preparation

will take 40 minutes.

Slide tha Acetate Tube off the end of the wire until
it projects by about [Omm. “
Place the LiF Pawder, TEL 582.008, on o watch glass
and lightly thrust the projecting capiliary tube inte
the powder. Allow the tube fo touch the watch glass
itself as this action forces the powdsr up Into the

capl1lary.

Continue this tamping process until the projecting
length of [Omm Is filled with powder.
end of the tube by the application of a small amount
of Acetate Cement, TEL 585.009.

Seal the open

When dry, llghtly push the copper wire to pack the
powder and, using sharp wire cutters, cut the tube/
wire assembly to contain about Smm of copper wire.

e

G;nw—r'm— ]

o |

Extract the Semple Post from the Powder Camera Lid and
the end
of the sample tube containling the copper wire should

mount the L{F powder sample into the chuck;

be inserted into the chuck thus ensuring that 10mm of
LiF semple will be irradiated and none of the copper

wire.

Remove the Lid of the Powder Camera and establish that
the metal backstop is mounted in the recess in the
fid and is NOT acting as a beam limiter on the internal

primary beam collimator.

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

dark roomi:

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; oo not withdraw the film quickly as this

can create electrostatic efiects which mar the film.

D27.7 Insert the film sround the inner periphery of the
Paowder 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 pretrude
from the ficor of the camera near the internal col-
limator. These posts cast shadows on the film which
previde identification of the top and botfom and of
the left andé 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.

[27.9 Carefuliy place the Sample Post loaded with the LiF
sample tube into its bore in the |id and ensure that
it is fully seated in its bearing.

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

the Imm slot should be vertical.

1t {8 not necessany fo use the Motorised Puive Unit TEL 587
but with it the quality of the photographic necond &5 much
dmproved (see DZE.4).

D27.10 Expose for 3 hours.

D27.11 EN THE DARK ROOM, extract the Sample Post before
removing the 1id of the Powder Camera.

Take out, process and dry the strip of flim.

A convenient way of measuring these distences, equiva-
lent to the angle 46, is to pin-prick through the film
onto a piece of white papar at each |line and measure

the distance between the corresponding pairs.

Tabulate the results and calculate d/ to three

significant figures.

i 49 [ 9 x K adn 8 din = 3 /2 adn 8
Line
Pains
it i 0® /2 = 0,077
A
.
C
0

D27.17 Nelther d nor n is known, but from D25.12, n2 must ba
an integer and the length of slde of the unit cell as
well as the co-ordinates of the reflecting planes can
be extrapolated from the following table when com-
pleted to 4 significant figures.

b
:
%

027,12 The flim reveals the famillar arcs typlical of this
technique, deveicped by Dsbye & Scherrer in 1916.

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 Meen Diameter, C.

D27.14 Calibrate the Powder Camera:

0 pm = 360 degreas.
| mm = 360/nD

= K degrees.

027.15 The forward direction of the X-ray beam is apparent
trom the shadow of fthe backstop. The cones of
reflection impinge on the film on each side of the
X-ray beam where 20 = 0; there are thus arc pairs,

"lines", which represent identical reflections.

D27.16 Select the 5 or 6 strongest pairs of lines and
measure the distance betwsen them along the cenire
line of the film; ignore the weaker reflections and
also the KB retlections.
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Pains n n
enl= 2] 3] 4] 5| 6| g o|re|ete to 20

9 || &>

It Is not necessary To work laboriously through al
the calculations, because an approximation of the
common value for d2 emerges after the first three or
four |lines are resclved; thereafter the use of a
slide rule enables the nearest integer for n2 to be
rapldly selected and accurate calculations for d2 can
be vorked out for this nearest integer only.

D27.18 From the equation L ke & al locate
Miller Indices ¢(h k £} for all 1lnes where &% Is most

nearly ldentical.

For the respective lntegers of n2 calculate the mean
valué for dz; sIlnce angular errors are greatest for
small angles, 1t is recommended that d2 for |Ines of
smal lest 26 are ignored when calculating d.

Afternatively, since angular errors progressively
decrease as the angle increases, plot © against dZ and
extrapclate the intercept of the curve on the y-axis,
where @ = 90°.

0.1630 -
0.1620 —
0.1616 -

0.1600 -

6.1590 T T T T T L] T T 1
W 60 Ll ?




Observe that, as in the completed table of D2%.12 the
only rafiections present are *hose where the indices

are all odd or alil even.

The size of the unit cell is
a=b=c=v’d2 nm.

Note that this fechnique gives an accuracy of better
than 1%; for LiF, a = b = ¢ = 0,403 nm.

027.19 This iterative technique LEEustnntes the advaniages of
naking use of computers in crystalloghaphic analysds;
the abternative method of plotfting 'a' against 'd' fon
some 16 planes and indexing the §ifm on the diagham
does not fend itself to any gneat dceunaey for a
camera of such smalf geometny.

I+

D027.20 Repeat D27.1 to D27.18 but use NaF Fowder (99.0%})
TEL 585.001 in place of the L{F powder.

Expose for 3 hours.

D27.21 Cbserve that, as expected following D23.4 because Na
has & 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, (LI} (311} (331}).

Careful observation of the LIF photograph will neveal that
these reflections with odd {ndices are aff weaker than the
even indicesd.

The coniacting sphene modefs from PI7 could equally well
senve fon LEF {insfead of NaCE) and NaF [inatead of KCL)
since the diffencnce is menely a question of scake,

Examination of the modefs neveafs that for the {117] reflec-
tion, waves from the Fluonine fons are 4in phase but the

waves gaom Lithiwn {ons oppose those of Fluonine fons, being 3
mid-way befween the Fluonine planes.  Simikarky fon Sodiuwn
and Fluonine, but the effective population of electrons in

the Lithium ion 46 only ? whilst that of both Sodium and
Fluonine 45 10, one efecinon being "shaned' in the fonic

bond.

LAF vvves LT 3-1, FF9 41
NaF ..... Ne'11-1, F'9 +1

The opposing waves grom Lithium, having fess electrons and
thus Less diffracting powen than Fluonine, will only weaken
Zhe reflection {rom Fluorine dons,  Sedium and FLuohine lons
have equal difgracting powen, hence the opposition of the
waves ghom Socdium {ons will extinguith the Fluonine heglection.

DZ27.23 This Is strong evidence that the alkaline halide
compounds are, as Bragg predicted, faca-centred cubic
systems; +the metallic jons form, by themselves, a
perfect face-centred lattice interlinking in absolute
cubic symmetry with an equal number of halogen ions
forming, by themselves fco, an equally perfect face-
contred lattice.

027.24 Repeat D27.1 to D27.18 but use 8iec powder, TEL 585,002,
in place of the LiF powder (or NaF Powder).

In preparing the sample it will be noted that the S4C
powder, belng very dry, tends to fall out of the tube
when using the tamplng technlque; If however the
somple tube is pushed horizontally into the powder a
fow millimetres of the tube is filled; invert the
tube and tap gently; the powder will progress to the
copper wlre. Repeat the process until about 10mm of
the sample tube Is filled and seal the end as In D27.2.

Expose tor 4 hours; meaningful res-uH's can be
obtained in. 3 hours but the important (I11) retlection

will not be very intense.

D27.25 11 1s apparent from the results that S{C has a face-
centred cubic lattice of Unit Cell length 0.438 nm

but there are obvious ancmal jes.

D27.26 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

retlections.

There are also retatively strong reflecticns present,
ane close to the (V1) |lne and one between the (422)
and (511, 333) reffections.

Revieuing the folaf number of equivalent reflectfions fon

the (111] and £fhe (200) pPanes L% {4 reasonable to expect
fype (200, with 6 possible neflections, to neflect with
only a mangingl diffenence in intensity with hrespect Lo, Lype
{111), with § possible neffections, namefy 111, 11T, 171,
T11, 171, J11, T11,and 177,

A difference in the antieipated intensity of reflections
fnequently provides o fead Zo the iype of possible strueiuie.

For cubie systems the theonetical mumben of equivalent

nrefleetions La: .

Tyoe of redlection koo | hio | hko | hkh | RRe | ARL

Number. of neffections 6 121 24 5| 24| 48

Thene L8 thus evidence that the hofosgnmetry observed fon LIF
and NaF 45 nof paesent {n ihe SiC fatiice; also that some
matendal {s present which it not cubic and face-centned.

D27.27 An itenative analysis of why (200), (222) and (400)
neflections ane absent can be found in standand Zext
books in aefenences to the atmucfunes of CuCl and ZnS;
$4C 44 also of this type exhibiting the fetrahedial
configunation, wsually preferred by carbon bonds,
wherein each Carbon atom L4 tetrahednally swiwrounded
by foun Silicon atoms.

027.28 Chemical analysis of the powder indieates that it is
nelatively pure 40 the onfy othen possible expfanation
of the additional non-cubic heffections 4s that Si
can take up abteanative fattice configurations on
phases; heference to standard works neveafs that thia
45 taue,  The fowrth phase 44 cubic but the othen
phases are all hexagonal. ' :

Judging by the nefative strength of the neffections
due to cubic Lattice, thene i4 a predominance of $4C
{1V} An the powder sampled,

D27.29 Powder photoghaphs wsually exhibit a genenal reduetion
in intensity with increasing angle 20 (equivalent Lo
decheasing planar spacing 'd'} and this phenomenon L4
also observed {n single arystal Bragg experiments.

Some variation of iniensity faom one Lype of reflection
1o anothen is to be expected a5 a resull of the
diffenent difjfracting powess of atoms (the crystal
stnueture amplitude) and of the possibfe numben of
equivabent neflections.

Fon a compfefe treatment of othen factfons affecting
the intendity of reffections, high efectron densiiy
fon high cnden diffractions, thermaf vibaation and
absonption, aeference shoufd be made to standand fexi

books.
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D27.30 For singfe chystal Buagy expeniments howevea the
refative punity ¢f the crystal has an effect on the
Andensity of reflections.

To obiain diffaaction 0f a paralfel beam of X-rays,
the Bragg equation must be satisfied exactly; A4if the
enystal is pengect then the incident Geam will be
diffnacted onty when the angle it exactly sin”'a/2d .

in proctice, the coflimated beam 45 not fauly paraflel
but diverges sLightly a0 that if a penfect crgstal Lo
inhadioted, enfy a smaff proporntion of Lhe beam can
satisfy the Bragyg conditfion.

1§, howeven, the suiface tayers of such a chysial ane
vdisfocated" to ereate a mosaic of crystablites tified
sLightly at nandom, then the proponiion of nays that
Will satisfy the Bragg equation L4 significantly in-
eneased, hesufting in enhanced intensdity of aegleetion.

The §oun chysiafs used in this programme of instruction
are especially grown, cfeaved and disfocated fox use
with the Tel-X-Omefen; one major cleavage face 45 dis-
Located by an abrasion technique and can be recognised
from the "ffat matt’ appearanee of the face.

The caystals LiF and NaCl are particubarfy pure and
exhibit a manked improvement in {intensity of reffections
from the disfocated sunfaces compared to the opposite,
as oleaved, face; .fo obtain engstals of KCE and RBCE
of neawr penfection i5 very difficult and the REDUCTION
of intensity of heffections grom the disfocated faces
indicates that the phocess has merefy caeated even
fuwether impenfecdion. ' :

Ar additionat cause of Lack of intensity wsing a near
penfect crystal is "extinetion" whene the phase and
angle of ceatain aeglections contnibute Lo annihifate
a phoportion of the {ncident beam, as distinet from
the reffected beam; this effect is aelatively small
but it neventhefess is amefiorated by disfocating the
sungace Eayens.,

In some humid climates the cnysitals may defiquesce
profusely in spite of the presence of silica-gel in
the phiaks; £he orystals may be puotec,teﬁ with a Light
coating of cofounfess nall vannish; caxe should be
exeneised o avoid dissolving the eolour code by which
the chystals ane necognised.  The vannish witf also
camoudfage the mati dppearance of the disLocated face
whick must be theneaften determined by Antensity
measurements .

‘D27.31 The 8iC Debye~Scherrer photograph reveals that
variations in the symmetry withln a cublc lattice are
possitle although LiF and MaF both exhibit holosynmetry.

The experiments illustrate that within a face-centred
cubic "space-lattice" different types of pattern-unit
or "space group" exist which give rise to reflectlons,
discreet both In direction and in intensity; an
itarative analysis ot these reflections leads to an
understanding of the space-group, space-lattice and
size of the unit cell for the m;ferial under investi-

gation,

There ane founteen Lypes of space Lattice, the Bravais
Lattices; this phogramme of experiments {4 {ntended to
familianise the student with the basic prainciples of crystal-
Laghaphy and 40 onby the wost simple sysiems ane examined,
the fthuae cubic sysiems.
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D28 — CRYSTAL SYSTEMS (3% + 4 + 4 HOURS)

KIT 582+583 30 kY 80 uA NORMAL LAB

The material under investigation does not have fo be in

powder

can be

D28. 4

D28.2

028.3

D28.4

form; the crystalline structure of & solid solution

determined using the Cebye-Scherrer technique.

Repeat D27.1 to D27.18 but use Aluminium Wire
{Purity 99.9%) TEL 585.005 as the sample, in place
of LiF. Expose for 3 hours.

The results show that Aluminium, even in - wire form,
has a face-centred cubic structure of Unit Cell length
90.405 nm.

Observe that the high order (511) lines show evidence
of doublet structure {see Para DI9).

In place of Aluminium, the Copper wire TEL 586.003
may be convenlently usaed, cut to a length of |5mm

and similarly exposed for 3 hours; Copper has a face-
centred cubic lattice of Unit Cell 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.

Repeat D27.1 fo 027.18 but use Hlobium Wire {Purity
99.9%) TEL 585.003, as the semple In place of LiF,

Expose for 3% 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 elther all even or all odd, the
planes whlch give rise to constructuve Interference
have

h + R+ £ always EVEN
This typlfies a body-centred cubic system.

Repeat D27.1 to D27.18 but use Ammonium Chlorlde,
NH4C£, TEL 585.004 as the semple in place of L{F.

NH C2 (99.5%) is very crystalline In powder form and
does not respond to belng tinely dlvided by pestle
and mortar; however 11 does readily sublime to a flne

powder.

Mount a small dismeter test tube, filled to about one
third with cold water, inslde a larger test tube
{about twlce the diameter) containing a tew grammes of
NH4C£; the water f1lled tast tube should be about
20mm above the surface of the powder.

Gently appiy heat from a blue flame [n the area of
the NH4C£.

The compound readily sublimes to condense on the

water #illed test tube; after a few minutes sufflclent
fine powder should be created to scrape onto a watch
glass and the Sample Tube can be prepared as in

D21.2.

Expose for 3% hours.

The resuelts show that NH4C£ has a Unit Cell of length
0.388 am, but a study of the Indices reveals that ALL

planes give rise to constructive [nterference.
This typitfies a primitive or simple cubic system.

Note L; The (IO smallest angle reflection can be

observed, but it is very taint,

2: The celi Is considered as being constructed

of ammonium and chlorine fons.




The aeascn fon heccmmenaing the subfimation prccess is that
Lf the size of grain in the sample 4y foo Lunge, thene anc
insuffieient panticles present fon Lhe speedmen fo possess
nandom oriertalion; Lhe nesuliant pliotoghaph oppeoss
Yapotly' and wsually a £orgen exposune L8 necessany than
for fine grain powdens.

1§ a powden sample is stationany, the maximun ghain size
should not exceed 10 micnons if 'spotiiness’ is to be aveided.

1{ a powden sample it rofated wsing the Motonised Orive Unit,
the Eimit of panticfe size may be increased to 45 michons.

The presence of 'spotiiness’ on a photograph car afso be use-
fuf {n nevealing the 'state' of the specimen.

D29 — MATER AL STATE (4% + 1 HOUR OR + 2{2 HOURS)

KIT 582+583
+ TEL 587

30 kY 80 uA NORMAL LAB

D29.t Prepare a mixfture of Aluminium Powder 585.008 and
Lithium Fluoride Powder 582.008 ia equal volumes.

029.2 Repeat D27.1 to D27.18 and expose in two parts,
stationery for Z hours followed by rotation for 2 hours
using the Motorised Drive Unit, 587.

D29.3 A curscry analysis of the processed fiim reveals that
lines 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
identiflcation for AL and LiF,

The "spotiiness" of the neflections from the Aluminium Powder
indicates that the grain size of the metal powder is much

Rangex than that of the halogen compound,

This fechnique {5 frequently used Lo assist in "separating" A

ghoups of reffections prion fo funthen anafysdis, especially
£n wonh invofuing the development and wmanufachire of mefaliic
atfoys 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 DIZ but use &
Polyethylene Monofilament 585.006 In place of the
MIni-Crystal.

Ensure that the axis of the monofilament is vertical
and that the monotilament is centralised over the lmm
diameter port.

Select 30kV, 80 uA,

Expose for 20 minutes, at E.S.2 or | hour at E.S.3

deperding on time available.

D29.5 Remove the monofilament and menually stretch the
central portion of The filament until it obtains a

clearly 'grawn' form.

Replace the monctilament over the Imm aperture with

the drawn gortion centratised over the port.
02%.6 Replace the exposed film with a fresh filmpak ¥50/%.
Expose for Z0 minutes or | hour as chosen for D29.4.

029.7 Compare the photegraphs of the "amorphous® polyethy-
jene (D29.4) with the "oriented" material (D29.6).

ir the aaﬁo&pham state the Long mofecufar chain of polyethy-
fene 48 coiled up Like a spring and the X-aay diffraction

patienn bears a nesembfance Lo a flat-§ifm Debrje-Schenres
photograpl aesulting from random chdentation,

But 7w ihe sinessed state the mofecufan chain 45 drawn out
and the diffraction patienn resembles fhat of o single
crgsfal with reffeciions in the equatorial plane; when
perfonned with gheaten precision this techninue abso neveals
uppen Layen neflections.  From auch precision pholographs it
L5 often possible to estimate the unif cell dimensions, o
condfuuet a necdprocal fatiice and deduce the crysfatline
piopenties of the stressed polymen chain.

The diffraction patfeins nevealed An these experimenis and

in those of the previous paraghaphs are unique Lo the paniic-
wban meterial being laradiated; £t is this uniqueness that |
pesrmiis X-nay diffanction techniques fo nof only ideniify
sdingke crystals but abso fo defermine the composdtion of
mix{uies.

D30 — MATERIAL COMPOSITIONS {7 HOURS)

.

NORMAL LAB

KIT 582+583 30 kV BO uA

The unique nature of difjfraction pattenns has fed Lo Debye-
Schernen fype techniques being widely uded fox ,th%.idemtéé.{'.-
eation and analysds of mixfunes where the component parts
exist as sepanate chysials, The identdfication of mixtunes
does not diffen in principfe from that of single substances,
whenein the component pants of the mixtune ane {dentified by
the spacing of the strongest Pines and the composition by
weight is estimated by measuning the intfensity of those Lines.

The technique 44 howzven not veny sensitive and to defeet
even a 5% composition requires cereful analysis of the
edfects of absonpiion and angular differences.

If it is of didactic importance, the student can perform
identification and analysis experiments wsing the Tel-X-
Cmeter,

Mixtures of powders aiready used In the previous part of
the programme will atlow the student to refer to the single
substance photographs and numerical calculations already
achieved and thus simulete the Uppsala Photographlc 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,CE with LiF and of Mgl with NaF are recommended ;
exposures of up o 6 hours are required for composlitions in

the ratio 2:1 by weight.

The expenimental nesults {ffuatnrate the need for maximum £ine
sepanation and thus the requinement to employ the Longest
possible wavelfengths, Large diameten cameras and smalf
digneden specimens.

NOTE : The efements Fe , Cx and V, abl cubic and body
centred have not been recommended either in wine or powden
fonm fon this senies of expeniments ; fhese efements ane highfy
excited by both CukB and CuKe radiation hesubiting in such a
nadical foss of Cu chamaeteristic nadiation that ne signig-

leant sthucture information {4 neveafed on photophaphs made

durning exposwies of up to fowr howrd.
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EXPERIMENTAL PROGRAMME D321 7O D34, RADIOGRAPHY {4 HOURS}

The peaformance of programme D31 fo D4 is infended fo impress
upon the student thaf the quality of diagrestic nadiographs,
both industrial and medical, depends upon the connect applic-
ation of a hrnowfedge of the paincipfes of the Production and
Propenties vf X-nays.

Abthough the Fifm Technique is used througheut the phragranme,
wo attempt has been made fo fomiliarnise the student with the
drpontance of the connect chodice of §48m type, develepmert,
fixing, posi-exposune density adjusiment, ete; {Jon a compre-
hersive fneatment of this subject, neference shoutd be made to
standand fext books. It is dmponfant however 1o recognise
that mishandling of §ibn can nesul? in « radieal Loss of
infonmation on o nadiograph; in the TeLtnon Filmpaks, the
double-sided fast fibm {8 seafed into p.v.c. envelopes by

the R.F. process; this sometines causes pressune &o be
exented on the edges of the fifm and furthermone, whifst being
handfed in the daxkroom, the {ifms scmetimes become subjectied
1o cneasing and bending.  Aften processding the radiographs
exhibif dense bfackening afong some edges and occasionraliy
enescent shaped dmages in Zhe centraf negion ; both these
effects are typical of "pressure expesune' and LLEusirate
that cane should be exencised in handfing §ifmas.

Blemishes of this natuwie are more confusing when viewing
“shadowgnaph" images as a aesalt of exposuse fo X-nadiation
companed with "realistic! images jofLfowing 'optical’ exposuxe.

D31 - CONTRAST (30 MINUTES)

Remove Crystal Post and Jaw.

KIT 582+584 kV and uA as specified NORMAL LAB

D3l.1 Place the Lead Mask 584.006 at £.5.28 such that the
exposed portion of Yhe film will be in the top right
hand quadrant.

D31.2 Place Buried £lements 584.002 at E.5.29 with a pin
trapped In the plastic of the surrounding slide fo
provide a datum on the exposed film; the datum
should appear in the first exposure in the top right
hand quadrant (see para. DIOY.

031.3 Connsct @ 100 uA meter to the "monltor tube current”
Jack socket.

D31.4  lLocate Film Cassette 962.043, loaded with a Filmpak
: 750/2, at E.5,30 with the circular frame facing the
X=ray tuba.

031.5 Select 20kV, 50 nA.
Expose to X-rays for |} minutes.

D31.6 Rotate the Lead Mask 90 degrees to expose fhe second
quadrant.

Select 30kY, 50 uA.
Expose for 40 seconds.
D31.7 Rotate the Lead Mask t0 expose quadrant 3.
AT 30kY expose to B0 pA for 25 seconds.
031.8 Rotate Lead Mask to expose quadrant 4,
Select Z0kV, 50 pA.

Careful ly locate Auxlliary S1ide Carriage in Mode H
without using either of the Basic Port Collimators.

Locate the Nickel Filter 564.004 at E.5.2.
Expose for 4 minutes.

Process the film and compare the quadrants,
39

C21.9 A Oreek Taagie Mask [the primang image) is sih-scneen
printed in white fead-based ink on @ white cand and
Zhen overprinted with fhe Comic Mask [the secondany
Amage] £n black ink.

To neveat the primang image with maximum contrast
againsit the backghound as 4in quadrant 4 nequines soft
nadiation; this is common phraciice when analysing sub-
feeis of a thin-§im nature.

The use of 20RV and the neduckion .in intensity of wave-
Rengths shonter than CuKu by the Nichef f{iften has
nesulied dr maximun absorption by the thin Lager of
Lead-based ink; but fo achieve guod blachening of the
§<fm whene thene is no paint has necessitafed a Longen
expose time,

The expeniment couwld be funthen extended by an exposure
using the Cobalt Filten 564.008, which eliminates the
CuKa nadiation as welf as minimising the shonten wave-
Lengfhs; quadwants should be exposed for 4, 5, 6 and
7 minutes successdvely. This, howeven, iaebles the
totak duration of the experiment without infroducing
any additional didactic principle.

D31.10 To analyse the fexture of the Lead-based 'undercoat’
at maximum conthast, the best results ane exhibited
by quadiant 2 in conjunction with an eyeglass and
sdrong ALLumination.

The paint is seen to comprise ponticles of material
nelatively transpatent to X-nays covened by a meferial
opaque t0 X-nays and suspended in a Lranspanent
sobidified sofufe. The opaque coating conthasts with
the innex panticle sinee the path Length is greater
£thhough the edge than aencss the diameter and the
radiation {8 mone absorbed,

The practice of operating at the high densify end
{dy} of the chameteristie cunve [dee para, D8) and
emploging infense viewing boxes L& moke comion {n
indusiniol than in medical radioghaphy.

031,11 For medical diugrosis, exposwre times are kept fo a
mindimun and [since an intensifying scaeen L8 noi
bedng employed] the same contrast of quadnant Z could
be achieved {in a shonten fime by application of the Law
off Reciproeity [see pana. DB).

Fon quadeant 2, d = 14 - 50 x 40 = 2000 pA secs. and
Lf 1= 80 uA then £ neduces fo 25 sees. as in quadrant
3.

031,12 Medical nadiographens seek to Limit exposwres Lo 1
seeond and Less; 4if a flask exposure of onky 0.2
secords 45 nequined, the Reeiprocdty cafeufation
indieates that a current of 10mA must be wsed to
phoduce the sane contrast as in quadnant 2.

031.13 Loss of contnrast can be caused by scatten, see para.
DI7; high tube curkents ane aequined £n orden Lo
achieve adequate expenimental results in a neasonable
period of time.

Such cuntents ane not available with the Tel-X-tmetea
but ngood eviderce of the undesinabfe effeei of



seatrened nadiation 48 appanent in ithe Debye-Scheaner
photograph of expeniment P28.2, the exposune of which
takes 3 howrs ax 30RV and 86 uA. '

The blachening towards the eads of the fifm ane tend-
ing to obLitenate the blach diffraciion £ines which
are the veay feafunes which requise detaifed analpsis.

11 can be again deduced, faom the Law of Reciprocity,
that eguivafent blackening would be present in a §ifm
exposed fon only §,64 seconds at 100mA and 30RV.

Seattered nadiation i4 a hazard Lo adequate conirasi
in dndustnial and in medical diagnosis and both
disciplines have developed mashs, grifls, screens and
blocking media which, when sultabfy placed, minimise
the effects of scattexed nadiation.

Cuystallographens, however, can rahefy use eliminatior
fechniques and, when megsuning the intensify ovf
neglections with densitometen instauments, the com-
truibution due to scatfen must be estimated from ithe
surhounding §£0m.

D32 — DEFINITION {45 MINUTES)

The Definition on shanpness of images depends to a veny farge
extent on the size of the foecal spot of the X-nay tube,

k¥ as
KIT 582+584 . 50 uA NORMAL LAB
specified
D32.1 Place the Pin-Hole 582.006 centralily 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. 8 = 90% and 26 = 0°).

032.2 Load Film Cassette 562.0(3 with a Fllmpak 750/2 and
locate at E.S5.21; note that E.5.21 is |6 cms from
the focus, twice that of the collimator at 8 cms and g
the set-up thus represents a Pin-Hole Camera.
Selact 30kY and 50 wA and expose for | -minufe.
Process the film.
Observe that the apparent focus is about Imm in
dismeter; the actual focus at the ancde is Imm by 5mm,
being the Image of the filament, but the foreshortened
view of thls represents the apparent focus, which 1s
seen at closer inspection to be a2 Imm square with
rounded corners.
anode. J 1
§ em
pin-hole N _ i
collimaton
8 om
§iEm
032.3 Remove Collimator, Crystal Post and Jaw.
Place Cracks 584,004 at E.5.2%9 with a pin trapped in
the surrcunding slide as in 31,2.
D32.4 Locate Film Cassette 562.0i3 loaded with a Filmpak

150/2 at E.S5.30,
Select 30kY and expose for | minute.

Process the film.

The afdde comprises e thin piece of glass covered on both
sides by paper adhesive tape; aadial caacks have beer {nduced
by stnessing the glars to gield at the cendne.

The devetoped film reveafs these cracks as dark Lines on a
tightes background; the X-rays have penethated the paths of
the crachs and ane feas absonbed than thaough the body of the
glass.

D32.5 Select the quadrant with the greatest numbér 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 nalio of the Aubjec,tlﬁa'cms distance 1o the subjeet/{{fm
distance {4 also an impentant facton influencing dedinition.

D32.6 Place, the Lead Mask 584.006 at E.5.29 1o expose the
first quadrant .

n3z.7 - Lr-;cafe the Cracks 584,004 at £.5.28 with the marked
quadrant in the seme angular mode as the lead Mask.

D32.8 Locate Film Cassette 562.013 joaded with a Filmpak
150/2 at E.5.30.
Select 30kV, 50 uA. .
Expose for | minute.

D32.9 Rotate the Lead Mask and Cracks to quadrant 2.
Select 20k¥, 50 pA.
Expose for | minufe.

D32.10 Rotate the Lead Mask and Gracks fo quadrant 3,
replace Cracks in the correct anguiar mode at E.S5.21.

Select 30kY, 53 uA.
Expose for | minute.

D32.11 Rotate the Lead Mask and Cracks to quadrant 4,

replace Cracks in the correct angular mode at E.5.14.
Select 30kY, 50 uA.
Expose for | minute.
Process the fllm.
Quadhant 2 neveels that 20 kel hadiation {6 not sufficiently
enesgetic to produce a radiogaaph,

Guachants 1, 3 and 4 show that maximunm definition is obiained
when the subject/{itm distance {5 a minimum; the presence of
penunbra is not cbuious in these images but 4L i+ apparent
that the Langen the natio between subjeet! focus and subject/
fitm distances the smaflen wiff be the penumbra and consequent-
Ly the "geometnalc unshanpness" will be neduced.

—_  focus —e—

subject

~ [
t
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Magrification such as exhibited by quadrants 3 and 4 may be
desihable and oplimur conditions must be estabfished fon
maxdmun definiiion; the gneaten the focussfifm diszance Lhe
Longer the exposure [on the greaten the intensifyh, Industrial
nadiognaphens can accepd refetively Lange exposunes but fon
medical applications this may nesuwti in furthen unsharpness

due te 'bfux' caused by the movemeni of the subject;

optimus conditions must again be based on Zhe maximum fube
connent avaifable and the Law c¢f Reciprociity.

: Shanpness can alro be seniously effected by viewing angle.

032.12 Rotate Cracks fo th | in D32,
otate Cracks fo the same angular mode as in D32.3 Locate the assembly at E.5.27 with the strips forming

T[ and locate it at an angle to the primary beam across
£.5.28 and E.5.25.

an inverted V¥; raise the slide about 5mm from the

bottom of the slot of the carriage arm:

D32.13 Locate Film Cassette 562.013 loaded with a Filmpak
750/2 at E.S.30.

Select 30kV, 50 pA.

Expose for | minute.

Process the film.

DR

Compare the film with that of D32.4.

Observe that some cracks have been accentuated whereas

others, although still apparent, have lost their sharp

definition.
3
A fechnique used by industalal radioghaphens 44 to mount - R
edither the subject on the X-nay tube head such that it can ! i d

be oniented relative to the other; by using the "{luchoscopy”
method and efectronic fwage infensification, any cracks
focated con be angled fo give ithe shonpest definition.  Such
cadehs offen oceun whexe thene £5 a major ehange of section
in a casting and the inspector may increase the voltage on
#he X-nay tube to provide greaten penetration through the
thickenr sections, especiatly if the crack & a sunface erack D33.5 Remove the Lead Mask from E.S.28.
and has not propegated through the wmatenrial.  The dinspecton
thus adjusts the 'sensitivity' of the investigation.

033.4  Select 20kY.

Expose for 10 minvtes.

Expose for a further 10 minutes.

D33.6 Slide the Magnets across the cassette to now mask the

D33 — SENSITIVITY (2% HOURS) already exposed right-hand slde of the fllm.

Remove Crystal Post and Jaw. Selact 30kV.
kY Expose for |} minutes.
KIT 5824584 as SO uA NORMA
speci fied v L LAB D33.7 Replace the Lead Mask at E.5.28 to expose only the

top left-hand quadrant of the film.
When, on viewing a radiograph, no anomalies are evident, it

cannot be inferred that no defects or inclusions are present; Expose for a further 20 minutes.
they may be there but the practicat parameters may not be Process the f1im.

sufficiently sensitive for thelr detection. Information that

A comparison of the quadnants neveals the impoatance of
penetration (hV) and intensify {exposure time on fube current)
in providing adequate 'contnast' to detect a 0.1mm difference
in the vanious thichnesses of the Aluminium Wedge.

any defects that are present cannot exceed a maximum thickness
is a valuable guide to the efficiency of the radiographic
technique.

033, 1 Remove the circular frame from a Film Cassevte 562.013

and load a Filmpak 750/2. Ohsenve that 20 keV aadiation i4 not sufficiently enengetic

to penedirate mone than the back plate and the flnst sdep of

Remove the keeper plate from magnets 562,008 and place the wedge [Quadnant 1)
O .

a magnet on each side of the film cassette such that i .
In quachant 2 the 0.l stnip i4 ceanly discennibe Through

the magnet on the 'exposure' face is mesking exactly i
the back plate but barefy thiough the {inst step.

one half of the filmpak.

; , s s
Locate the assembly at E.S.30; the magnet should Tn quadnant 3 the. sinip 44 reveated x‘.h}wugh the finst and

mask the left-hand vertical side of the {ilmpak, as

viewed from the back of the cassette.

D33.2 Locate Lead Mask 582,006 at E.5.28 to expose the top
right-hand quadrant of the film.

D33.3  Affix the two O.lmm thick strips of aluminium to the
ftat back of the Aluminium Yedge 5Z.014, using
adhesive tape, as illustrated.

4

second steps as webl as the back plate.

The stnip it visibfe fhrough even the thind step and fust
discennibe in the founth and thickesi siep.

033.8 The steps and back plate are 0.75mm thick and the
Tsensitivity' exhibited by the quadranis can be

expressed as a percentage of the thickness penetrated.



0.1 mn {sinip)
Sens{tivity = - - x 100
Thickress of sinip + wedge

Thickness ia mm

Back Step Siep Step Step

Quadnant Phate 1 2 3 4
G. &5 1.60 2.35 310 3.85

! - - - - -

? 12 % 6% - - -

3 s | 63 4% - .
4 - - 4% 3% 2] %

Observe, in quadrant 4, that during the longest
exposure the image of the central hole is blurred due
to scatter from the film Itself with some contri-~
bution from the aluminijum 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 strip to be indiscernible.

D33.9  lLoad the cassette with Filmpak and magnets as In
0D33.1.

D33.10 Locate the Lead Mask at E.S5.28 0 expose the tfop
right-hand quadrant.

D33.11 Locate Aluminlum Wedge (with strips} at E.5.20 in the

normal manner and not raised by 5mm.

Select 30xV.

Expose for 10 minutes. ES

D33.12 Remove Lead Mask from E,5.28.
fxpose for a further 10 minutes.

D33.13 Remove both Magnets - the film is now unmasked.
Expose for 20 minutes.

D33.14 Replace Lead Mask at E.5.28 to expose the top left-
hand quadrant.

Expose for further 30 minutes.
Process the film.

Observe that even aften 50 minutes exposune |Quadnant 4} it
i very didflentt to disiinguish the end of the stnip and

in the thind step discenibility is at its Limit in quadrants
? and 3.

The incnease in {ifm to object distance and the consequent
Loss of dedinition has thus neduced the sensitivity of The
diagnosis from 24% Lo 3 on even 4%,

The qualitative measurement of sensitivify b mainly practised
by industrial nadivgrophens using §lat, step and wire *ype
peneframedens on Image Qualily Indicatorns (1.0.11.

1.Q.7 Sensitivity = dimensdon of thinnest step on wine x 100
thickness of specimen

1L is mone difficult fo enmploy similar indicatons in medical
diagnosis, whexe sensitivity is refenned o as 'good", 'bad',
"betten', 'wonse', efe, when assessing the extent of Negafive
Diagnoads, '

The empLoyment, in the foregedng fwo expenimerts, of the
pragressive exposure fechnique has neduced the fotal exposure
time for this seetion,53 + 140 [193) o 43 + 70 {113] minutes.

D34 — RESOLUTION (45 MINUTES}

Remove Crystal Post and Jaw.

KIT 582+584 20 k¥ 50 uA HORMAL LAB

Even when a defect has been detected, a knowfedge of the
thesolbution' of the nadioghaphic process is mecessary An
onden fo estimate the real nature of the faull.

D34.1  Mount Porosity, 584,003, at E.5.27. Lecate Film
Cassette, 562.013, without the circular frame and
loaded with a Filmpak 750/2, at E.5.28. )

D34.2  Select 20kV, 50 uA.
Expose for 5 minutes.

Process the film.

The intluded inon §ilings ane revealed as whife dois and the

thapped bubbles as dark dots, .

D34.3 Remove Porosity, 584.003, to E.5.24. Place Lead
Mask 584,006 at E.5.27 to expose one quadrant.

Reload a Filmpak 750/2.

D34.4  Select 20KV, 50 yA.

.

Expose for 5 minutes. R

D34.5 Remove Poroslty to E.S.21, E.S.17 and E.$.13 in turn
and rotate the Lead Mask to expose successive quadrants
alternatively.

Expose sach quadrant for 5 mlnutes.

Process the film.

Observe the progressive loss of resolution; the
Inclusions become more fused as the object to film
distance fncreases.,

The resolution of a radiograph can be quantised by
using speclal grids which enable the 1inspecior to
determine the number of 'lines' per millimetre which
cen be seen as discreet images.

STUDENT ENQUIRY

Faulty Weld, 584.005 is included as a practical test for the
student; based on the prcgramme D31 te 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),

x

determine the lecation of the defect (use pin datum} and

a0

estimate the slze and nature of the defect (.‘rhé method used
to induce the fault in the otherwise high quality butt weld
always produces inclusicns 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 expaeriments, from DI to D34 ,
the X-ray emission has teen defined by its wavelength and
intensity, the latter in effect belng the powsr 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 Frotessor Wilhelm RSnfgen's

discovery in 1895 until the First Internaticnal Congress of
Radiclogy was convened at Stockhclm [n 1928. Then, In honour

of the Professor's work, the '

power of X-rays to produce
ionisation" was defined as the 'roentgen' and given the

symbol R where
1R = | esv of ionic charge liberated per <:m3 ot alr at STP.

Since the CGS system is no longer generally preferred, the
esu is replaced by the Coutomb, where | Coulomb = 3 x IO9 esu
and the volume of air at STP is defined by mess whlch for
| cm3 of alr is 1.293 x IO_6 kg.
1 ! -4 -1
TR- 3 _6=2.53xI0 Ckyg .
3 x 10 1.293 x 10

In experimental programme D3 an lonisation Chamber is used to
detect the presence of lonising events In the enclosed voiume
of alr; the results are recorded in ferms of amperes, A and
making use of the definitlon 'Coulombs per second', the abave
equation may be rewritten

1 Rsec™t = 2.58 x 107 A xg™!.

This Is the "sxposure dose rate" and the term is applied only
fo electro-magnetic radiation; thus 11 is also ysed when
measuring exposure to gamma radlation.

D35 — EXPOSURE DOSE RATE {1 HOUR)
Remove Crystal Post and Jaw.

KIT 5824584

+ TEL 588 NORMAL LAB

kV and kA as specifled

D35.1 PRemove the plastics window which incorporates the
evacuation manifold from the lonisation Chamber, 588
and measure the Internal diameter, d and length, L
of the chamber.
3

Calculate the enclosed volume of air, ndzLM cm .
Calculate the mass of this volume.
Moo= tndfL/x 1,293 x 1079 kg,

Specificaliy for an lonisation Chamber of the volume
of TEL 588 therefore the calibration tactor, F s

given by
i -l
| ampare = ) » 60 Rmin ",
2,58 x 107 x M
whence F = 4,58 x 109 R min~]
and conversely
t Roin ! = 20085 x 167" A,

but this is not an absclute equivalent slnce 1he air

in the lonisation Chamber is not at STP.

035.2 Do not replace the evacuating plastics window but
moynt the lonisation Chamber with the plastics flange
supporting the anode at £.5.26 and the alternative
plastics flange with the central hole supporting the
front of the chamber at E.5.13.

Connect up the ¢lreuwit as illustrated at para. 03 to

a DC Amplifier with » faciVity to measure currents down
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Le2 .
te 10 amps and polarise the lonisation Chamber using

a power supply with a dc output varisble to 500 volts.

D35.3 Set the polarising voltage Up at 300 volts and
select 20 kY.

Tabulate the collector current Ic for increments of

X-ray tube current T _, monitoering this by means of an

al
external meter; complete the Tabie and plot the graph.

Dose hate

x 1076 x 1071 1. xF

20
30
40
50
60
70
80

1.07 R min

0 T T T T

0 20 40 60 8 x107¢

The non-finearity of the graph s due to the ginite regulation
of the high voliage supply; as the tube cwwrent £s increased
40 the e hot. duifds sLightly and consequently the nadiation
emitted will be marginafly Less energetic and thus wmore ab-
sonbed by the glass of the X-ray tube and by the ain £ravensed.

The non-Lineanity £s not so appanent with the handen radietion
emitted for 30 kV anode voltage , see next poraghaph.

The graph represents the dose rate at the mid-point of
the lonisatlon Chamber, some 15 c¢m from the X-ray source
tabout 0.7 R min | at 50 uA tube current and 20 kV).

D35.4 In 1968 the Internaticnal Commission on Radieloglcal
Protection adopted a report (ICRP Publication [3) which
recommends that the exposure under meximum operating
conditions does not excead 0,5 mR in one hour at a
distance of 5 c¢m from the shielding, measurements being

averaged over an area of 10 cm3 (about 3.6 cm diameter).

The X-ray beam impinges on the scatter ghield about
25 cm trom the ancde; the theoretlcal exposure 5 cm
beyend this and without the scatter shieid can be cal-
culated by applying the Inverse Square Law, see DB.



Select 30 kV and record the collector current, Tc at
tube currents, Ia of 20, 40, 60 and 80 uA,

2 1678 x 107 A R min”

20
40

69
50

The thecretical exposure at 30 kV and 8G pA (maximum
operating conditions) and 5 cm beyond the scatter shield
thus is R x (15/30)2, typicalty 55 R in one hour angd
averaged over an area of wd2/4 cm.

The radiation oi 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 pA.

Measure the coibactor current, Ic allowing time for the
amplifier to stabilise; currents of the order of

1.5 x I()'-l2 A.are typical.

D35.6 Calculate the reduced exposure and determine the
percentage transmission, T relative to the dose rate
at 80 uA recordsd In D35.4 {typlcally 0.25 % ).

D35.7 Estimate the reduced dose rate at 5 cm from thea

scatter shield as in D35.4. F

This is In excess of 100 mR hr"I and so the plastlics
material of the scatter shiald by itself does not
provide adequate sttenuatlon of the primary beam.

D35.8 Remove the Shielding Plastics and place the Lead {0.S5mm}
562.028 in front of the open end of the lonisation
Chamber,

Observe that the collector current is reduced to zero.

The primany beam backatop agfixed to the scatfen shiefd
comprises a sheet of Lead, ! am thick sandwiched between the
plasiics matenint and the afuminium extenal plate ; the
primery beam is thus fotally absonbed by the bachstfops.

D35.9 The Shielding Flastic has been shown to have attenuated

'. The photons not cnly

the primary beam by some 55 R hr
lonise 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 aad was introduced as strictly a measure of the
absorbed dose in a specified meterial without reterence to the

type and energy of the radiation, rot just X-rays.

I nad = 100 ergs per gramme

and in contemporary units

I nad = 107 Joules per kilagramme-

ihe average energy required to produce an ion pair in air is

34 6V or 3 x 1.6 x 10717

the radiation absorted by the air in the lorisation Chember can

Joules, since | eV = 1.6 x 10"[9 J;

theretore be readily calculated in terms of kad .

D36.1 1t n is the number of jons resulting from an exposure

of I R in air then

9 1

no= B oezsa w1077 ke w1071 ) kg
e

The enargy thus absorbed

E 18 -1

ab&:ux34xl.6xlo J kg

or Q.877 nad per rcentgen.

D36.2 The energy absorbed by a medium other than air is given
by the equation
) " medi um 1
Eabé = —-n-—-—*um . x 0.877 xad R

>

‘ Where Mo Is the mass energy abscrpiion co-efticient.

This ratio is dependent on the wavetength where X-rays are
concerned and also on the atomic numbar Z of the medium.

However the ard was primarily Introduged as a practical
unlt for radiation protection and for soft tissue the
relationship is reascnably constant at 0.98 rad R-r.

Thls is very nearly- | aad and for most practical
purposes relating to biclogical protection a measure of
exposure in air expressed in roentgens cen be taken as

giving the absorbed dose In soft tissue in xad.

For materlals other than soft tissue the energy absorbed
cannot be taken as the roentgen alr equivalert due to the
offen very marked difference In the mechanism of the
absorption process.

The absorptlon properties of elements of similar atomic

numbers and hence electron densities reveal substantial

differences for 'quallties' of radiation even as similar
as CuKg and CuKu.

D37 — THE QUALITY FACTOR, QF (50 MINUTES)

KIT 582

. TEL 588 NORMAL ¢LAS

30 kv 80uUA

The maln characteristic radiations of Copper can be segregated
from the 'white' radiation using the ditfraction properties of
a crystal, see para. Dl4.

D37.1 Mount an LEF crystal, 563,005 in the crystal posi with
the matt face of the crystal In the primary beam.

D37.2 Zero set the Carriage Arm and Slave Plate as precisely

as possible.

D37.3 With the lonisation Chamber located between £.5.13 and
E.5.26, rotate the carriage arm to 26 = 4s°,

D3/.4 Connect the fonisation Chamber to the amp!ifier circuit

and pelarise to 300 volts.

D37.% Select 30 k¥, B0 uA.

. -2
Qbserve that the current in the chamber is about 10 A

and with further attenuation accurate measurements would
require the use of an expensive DC Amplifier,

There is clearly a need for improved detection sensitivity.
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1§ 44 s intended to continue with experiments using diffenecnt For equal doses of alpha and X-radiation, the alpha

phessunes ch gases thenm it 44 hecomnwerded that the evacuaiing parficlzzs cause 10 times more damage per aad to
plastics window §Lange be mounded, the pencentage Transmission biological tissue ang in 1955 the ferm Relative
defermnined and the cafdibration curve of P35.4 corrected Biotogical Effectiveness, RBE was introduced. this
accondingfy. term relates the absorbed dose of defined X- and gamma

For the puwrposes of this programse a G. M, Tube & wsed fon radiztion to that of other radiation.producing identi-

mmoued 62M.{'..tév.{.ty, see T3, cal biological damage and since 1962 the RBE has been

generally confined to radiobiology and furthermore
the conditions of measurement must be precisely
D37.6  Switch of{ the polarising supply to the lonisation recorded.

Chamber and remove the chamber from the Carriage Arm. The term OF is currently preferred for the analysls

D37.7 Mount G.M. Tube 546 with the Tube Holder 547 located of radiation protection; both the REE ang QF depend

at E.5.22 and connect to a Ratemster capable of on the Linear Energy Transfer, LET of a particle in

integrating up to 5000 counts per second. traversing a medium and this effect Is already taken
inte account in the Table.

1. i . LS h the | S
D37.8  Lacate Collimater 562.015 at €.5.13 wif s 1w Different radiations may be present at any one time,
siot vertical to discriminate for the CuKa radiation

at 20 = 45°,

tor example, outside the shlelding of a cycictron and
it is necessary to equate the effects of the verious
Select 30 k¥, 80 pA. eXpOSUres.

Record the count rate, Ia in the collimated beam of
CuKo radiation. D38 — RADIATION EQUIVALENT MAN, THE REM (50 MINUTES)

037.9 Rotate the Carriage Arm to 20 = 404° to Intercept the
CuKp radlation and |ikewise record the count rate. KIT 582 kv and nA as specifled WORMAL LAB

D37.10 locate in turn the filters of In, Cu, N& ané Co at
E.S.14 and tabulate the results. The dose equivalent can be defined as the probability of

the development of a particutar biological effect; in xem
i+ represents the absorbed dose, In aad multiplied by all

" appropriate factors such as @F.
Transmission
Cuke Cuka D38.1 Calculate tha dose equivalent of the following combined
aps ]!l‘l‘J § cpé I/Ta % radiatlons detected in the vicinlty of a cyclotron.
Io — —
T n Radiation Dose nate QF m nem b
T Cu Ganma-hays 0.5 mR hx!
I Nt )
T Co Thermal newfrons| 0.2 mrad ki
Fast newtrons 0.1 wrad ha”!
The pressnce of the absorption adges of M{ and Co Total monitfored 0.8 mead IM._] Total dose
. a .
Introduce abrupt differences in the progressive dose rate equivatent
Increase or decrease in transmission with atomic
number, see paras D6, DIT and D8, For X=rays and relevant only to health physics measure-
Relative to blological exposure only thase 'qual ity' ments
etfects are not very prominent for X- and gamma 1R = 1aad = 1 nem
radlation but they are very different tor the
abserption of particie radiation.
The maximum intensity outside the primary beam of the
D37.11 In making health physics measurements @ Quality Factor Tel-X-Ometer is asscciated with CuKa radistion; In
QF is introdyced in order to assess the blelogical ordar to estimate the dose equlvalent beyond the
ettect of different radiations. scatter shield the G.M. Tube must be cal ibrated.

D38.2 With the Carriage Arm in the primary beam, mount the
G.M. Tube and Holder assembly at E.5.22; the mid=-polnt

Radiation aF of the G.M, Tube is 15 cms from the snode of the X-ray
tube, as was the lonisation Chamber.
X+ and gammne Aogs ]
Clectrons | and beta radiation ) i Ensure that the crystal jaw and post are removed.
Theamat newtions 3 The G.M, Tube will saturate when exposed to the full
beam and severe attenuation is required, see D4,
Fast newtrons 10
D38.3  Locate Collimetor 562.015 at E.5.13 with the lmm slot
Protons 10
vertical.
Alpha radiation 10
iocate Coll imator %62.010 at E.5.14 with the 3mm siot
Heavy Lions 20 ]
horizontal.
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The primary beam is thus reduced to a rectangle
0.1 x 0.3 cm at the end window of the tube.

Select 20kY.
D38.4  Ensure that the G.M. Tube is correctly polarised, see
0.4 and tabulate the count rate I_ for increments of

X-ray tube current Ia monitoring this by means of an

external meter.

038.5  The dose rate has been reduced trom that of D35.3 by

the crossed col limators.

Calculate the collimator facter, {.

Area ot collimated beam

Area of lonisation Chamber

Complete the Table and plot the graph.

Uose haie
1 gaom X4 1
35,3

1

x 107% R min~ mR min cps

3000

2000

tooe -

038.6 Remove the collimators and replace the LIF crystal in
the crystal post.

Rotate the Cerriage Arm to 28 = 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 CuKu« radiation;
the mid-point of the G.M. Tube should be 5 cm from the
surface of the plastic.

Select B0 yA and, using e Scaler, record the total
numbar of counts over 1) 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 s nearly
tinear up to 2000 cps and ihe exposure can be deduced

from the equivalent exposure at 1000 cps.

Adequate safeguond againsf excessive exposwie can be obtained,
as £n the case of the Tel-X-Omefer, by both working at a Lange
enough disfance fnom the sowwe and by using shielding
matenials. ’

Bul most instuments used to monifon the exposune in a wonking
aneq sample onfy a neanow portion of the radiation and when
estimaiing wenking times or shielding parameiens an account
mus be made of the area of the primany beawm,

D39 — BUILD UP FACTOR (20 MINUTES)

1

KIT 582+584 30 kv 50 A NORMAL LAB

In standard works of reference the shielding etficlency of &
range of constructional materials is given in terms of

"narrow beam" or "“broad beam" conditions.
D39.1 locate the G.M. Tyke and Holder at E.5.22.

Mount “the Col | Imator 562.015 at E.5.13 with the Imm
sleot vertical and Collimator 562.016 at E.S.|4 with
‘the 3mm slot horizontal.

Select 30KV, 50 pA.
Record the count rate.

D39.2  Insert Collimator, Imm tubular, 582.002 info the Basic
Port. h

Record the count rate and calculate the percentage

reduction of the exposure.

039.3 Clamp one edge of the Shielding Plastic 562.029 on
the crystal post and rotate The slave plate untll the
shlelding plastic Intercepts the primary beam at right
angles to the heam axis.

Record the counts over a period of 10 seconds using a

scaler,
D39.4  Withdraw fhe collimetor from the Baslc Port.

Record the counts over a period of 10 seconds using a
scaler and calculate the percentage reduction of

exposure.

Compare with 039.2,

The. build-up of radiation menitoned in the broad-bedm
[tyoicably 20%) is due fo the coffection of nadiation
scattened by Lthe absosber; the methods of cabeulation of
bulld-up factors ane complex and Lf 44 usuatly Sufficient
fo nefer to published fables and chants.

1t i neventhefess standend pracitice, whenever possible,
to penfoum an expenimental measunement of dose rate at the
shiefded position and then neview this in fenms of the
geemetnical nelationships of the sounce, any shielding and
the detecton.

VERY IMPORTANT NOTE:

[T SHOULD BE NOTED THAT THE CALIBRATION OF THE G.M, TUBE IN
THIS PROGRAMME 1S NOT ABSOLUTE AS [T (S RELATED TO A VERY
SIMPLE JONISATION CHAMBER WHICH HAS BEEN DESIGNED FOR DIDACTEC
PURPOSES ONLY;  FURTHERMORE, THE APPROXIMATE CALIBRATION |S
YALID OMLY FOR THE PARTICULAR G.M.TUBE, SINCE THEY YARY QUITE
CONS|DERABLY AND, DUE TO THE PREYAILING GEOMETRICAL CONDETIONS,
IT 15 ONLY VALID FOR TEL-X-OMETER MEASUREMENTS.

THIS CALIBRATION SHOULD NEVER BE USED FOR EXPERIMENTAL WORK
WITH OTHER X~RAY UNITS OR FOR a , B AND y RADIATION MEASUREMENTS.
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D40 — INTRODUCTION OF S.1. UNITS

Most of the definitions given in this instructional programme
are still commonty quoted although ihe International Commission
on Radiological Units and Measurements (I.C.R.U.) issued
Report No. |9 in July 1971 recommending that the following
definitions be adopted in or by 1978,

D40.1 Exposure, — X.

The roentger, R is accepted as a special unit of

exposure, X,
d
X= ™
where d is the absclute value of the total charge of
the ions of one sign preduced in alr when all the
electrons (negatrons and positrons) Iiberated by photons
in a volume element of alr whose mass is dm are

comp letefy stopped In air.

The word 'dose' is deliberataly omitted and retained
only for the term absorbed dose.

D40.2 Exposure rate, — X.

Tha quotient of roentgen by a suitable unit of time
(R min ", nk ! ete.) s accepted as a special unit

.
of axposure rate, X,

where dX is the lncrement of exposure in the Tlme
intarval dt .

D40.3 Absorbed dose, — 0.

The #ad is accepted as a special unit of absorbed

dose, D, .
de
Y
where dé lIs the mean energy Imparted by lonising
radiation to the matter in a volume element and dm s

the mass of the matter in that volume element.

As with exposure and exposure rate so
- dp
P = di
where 1’.) Is the Absorbed Dose Rate.
D404 Quality Factor, — Q.

The symbol @ is preferred to the former QF; for X-rays
this factor is 1.

D40.5 Dose equivalent, — H.

fhe Aem  is accepted as a special unit of dose

equivalent, H,
H=PxQxN

where N is the product of any other modifylng factors
such as those allowing for distribution of absorbed dose
in space and time. This factor is currently assigned a
value of | for exiernal sources such as the Tel-X-Ometer.

D40.6 Maximum permissibla lavel, —— MPL,

For radiation protection relative cnly to X-rays and to

soft tissue
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ICRF Pubiicatlon 13, 1968 recemmends ihe following

maximue permissible levels per year for school exposure:;

Gonads and ned bone marrow 50 maem

Skin, bone and thynodd 300 mrem

Thynodd fon chifdren unden 16 | 150 muem

Leg and am extremities 750 mhem

Cither single ongans 150 muem
Adherence to these MPL figures will “prevent or minimise

somatic Injuries and minimise the deterloration of the
genetic constitutlon of the popuiation.

The duration of the entire programme DI to D39 is about
75 hours, inciuding some 42 hours f1lm exposure tima.
Presuming theretore that the student wlll be working In
close proximity to the Tel-X=Ometer, even during f[lm
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 APPEND!X A

RECOMMENDEC  ACCES$SORIES
- © ¥ G w
{‘éﬁ « CESCRIFTION é%g %% w E % :‘é_‘:gm y E ‘é -
e oF SEFlEErl e Bl =283 |83
5= £ XPERIMENT 5 2| 2|2 8] Z|lajE|g]|=| FIPA
HR MIN | HR MIN || 582]563 | 584587 | 588} 546| 547|806 | 507|808 {813 | 750/ 75074
DETECTION (2 Hours)
ol The Ronfgen Observation - 15 - % * '
D2 The Spark Gagp - 10 - * | X
03 The lonisation Chamber 1,0 - X x| x
D4 The Geiger-Muller Tube - 20 - x | x x
05 Photographic Detection - s - * z
06 The Photographic Process - .5 - X X : |
PROPERTIES (2 Hours) i '
D7 Rectllinear Propogation - i0 - x : 1
ca lnverse Square Law - 15 - x 1
09 Daflection Effects - 15 - X E ®
01O Pengtration and Absorption - 45 - X x X X X |
DI The Phantom - 40 - % x . t' 3
ELECTROMAGMETIC RADIATION AND THE QUANTUM THEORY (10 Hours)
Diz Diffraction of X-rays, lave - 15 1, C X |
QIB Wevelength by Diffraction Grating - -
Dl4 Wave length measurement, Bragg 1, 30 - x x x x
D15 X-~ray emission 1, I5 T X X x| %
Dl& X-ray absorption 1, 0O - % X x| %
D17 X-ray scatiering - ,§0 - X X x| x
Di8 Moseley's Law - 30 - x| x X x| x
D19 Fine Structure 1, 0] 3, © X1 x |
CRYSTALLGGRAPHY (45 Hours)
Dz22 Atomic Size - 20 - X x x X X
023 Unit Cell, one dimension - -
D24 Co-ordinates - 30 - X
025 Unit Cell, two dimensions - 40 - x X x| x X
026 Unit Cell, third dimension 2, 0|a, O x X % I 1
D27 Powder Analysis 2, oo, 0O X x {x} 3
028 | Crystal Systems 1,30 lie, of x| x o : 3
D29 Material State 1, o}le, © X X X 2 |
D30 Material Compositions 1, 0}j6, C % b3 [$'3] 1
RADICGRAPHY {4 Hours)
D31 Contrast - 30 - X x |
D32 Dsfinition - 45 - x x 4
D33 Sensitivity z, 15 - x x 2
034 Resolution ~ 45 - X H 2
RADIATION UNITS AND MEASURENMENTS (3 Hours)
D33 Exposure Lose Rate 1, © - x X x x | x
D36 The RAD - -
B37 Qual ity Facter, OF - 5C - * % x| x x x| x
D3% The REM - %0 - X X | x X
(1] Bui_ld up facter - 20 - X x %[ x x| x
D40 S. 1. Units ' - -
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APPENDIX B TEL-X-OMETER ACCESSORIES

e bSO PT 10N Sez | 583 | sod | sepr. 157
562,007 Maltese Cross X
008 Magnetic Field X
008 Plain Efectrode (2) x
012 Fhantom X
013 Film Cassetde, nc backstop %
0l4 Aluminiuvm Wedge x
gais Collimator, Imm slot
016 Col | imator, Imm slot
017 Alumirium, Q.lmm X
018 Alurinium, G.25mm %
olg Aluminium, O.5Cmm X
020 Aluminium, | .Omn %
0zl Aluminium, Z.0mm X
028 Lead, C.5mm X
029 Shieldlng Plastic X
031 Film Cassette, with backstop X
033 Blank 51 lde X
563.005 Crystal, LiF X
564. 001 Rotary Radlator & Actuator X
002 Fliter, Fe X
003 Filter, ¥ % -
004 Filter, Ni X
005 Filter, Mn ®
006 Filter, Cu x
007 Fliter, Cx X
Q08 Fllter, Co X
009 Fllter, In x
567.004 Glass Fibres x
005 Powder, Mge X
Qo8 Spindle Cllips (5} x
582.001 Colllmator, lmm slot X
00z Col | imator, lem tubular X
063 Luminescent Screen X
004 Crystal, NaCt x
Q05 Auxiliary $lide Carrlage X
Q06 Pin Hole X
007 Mini-Crystal, L{F {2) X +
008 Powder, LiF X
583.001 Crystal, KCL X
Qo2 Crystal, RbCE
Qo3 Reciprocal Lattice Calculstor
584.002 Buried flements x
003 Porosity X
004 Cracks %
005 Faulty Weld X
G06 Lead Mask X
585,001 Powder, NaF X -
002 Powder, S{C %
003 Wire, Nb (3 x 15mm} x «
004 Powder, NH ,CL X +
Q05 Wire, AL (3 x 15mm) x +
006 Polyethylene Monofiiament (10) x <~
497 Blank Supersiige X +
03] Powder, AL x +
009 hcetate Cemeni X -
586, OO Powder Camera * +
003 Samp le Tube Wires (10} x +
546 G. M. Tube, MX168
%47 G. M. Tube holder
587 Motorised Drive Unit *
568 lonisation Chanber +
750/2 Filmpak, for radiographs (20)
75074 Filmpak, for powder camera (12}
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