ENERGY SPECTRUM OF A BETA RADI ATI ON SOURCE

| NTRODUCTI ON

Most experiments on radioactivity deal wth the absorption properties of
materials without illustrating the quantitative difference between types of
radi ation. Beta and gamma radiation are absorbed by matter in a sinmlar,
al t hough not identical, manner; beta being absorbed nuch nore easily of course.
The two types of radiation have significant differences in that ganma rays or
phot ons have no mass, nor charge and travel at the speed of |ight, however, beta
radiation is conposed of electrons with charge, mass and finite speeds.
Al though these differences may not be of great inportance in sone radiation
experinents, they do have a great effect on how the two types of radiation
interact with matter. W will use a beta spectrograph to show the difference
bet ween these radiation types.

ENERGY SPECTRUM

So you may wonder what a beta energy spectrum is. Sinply put, it is the
intensity of the beta beam at different particle energy. The intensity is
proportional to the nunber of counts registered by the CGeiger counter while the
energy of the beta particles can be derived fromthe angle by which they defl ect
under a magnetic field.

In this | ab, beta particles froma source are collimted and directed through a
magnetic field provided by a pair of ceram c magnets, which deflect theminto a
detector. The beam deflection varies from 0° to 90° dependi ng upon the energy
of the particles as shown in Figure 1. The beam intensity is measured by a
Cei ger tube nmounted in the magnet support structure. The source is nounted on a
rotating arm so that the beam passes through the magnetic field and enters the
Ceiger tube through an aperture in the cast iron frane. Rotating the arm
permts the neasurenent of the intensity as a function of angle. The deflection
angle is inversely related to the energy of the beta particles so that the beam
intensity as a function of energy can be determ ned fromthe data.
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OPERATI ON OF THE EQUI PMENT

For this lab you will need:

A Ceiger Tube

A Cei ger Counter

Radi oacti ve Sources

A Comput er and Counting Software

Part | in Appendices of the last |ab handout, Geiger-Miller Counters and
Radi ati on Event Counting Software provides nore detail about operation of the
Cei ger counter and counting software.

1. Set the magnet frane on a level table with space around it for the other
pi eces of apparatus. The source should be mounted in the arm It is
attached with doubl e-sided foamtape to the back of the rotating arm It

shoul d be centered on the vertical part of the armand in line with the
aperture in the | ead absorber.

Two sources are reconmended for use with the apparatus; either Sr% or T12%4 give
good results. C* which is a good beta emitter, does not work because its beta
particles have |low energy and are deflected out of the magnetic field before
they can reach the Geiger tube. Since the count rate is nmuch higher wth TP%
it is suggested that this source be used.

2. Carefully place the Geiger tube into a pocket provided for it in the back
of the nagnet frane. Don't let the wi ndow of the tube touch the end of
the cavity. Tighten the nylon screw on the top of the frame to hold it in
pl ace.

3. Connect the coaxial cable of the Geiger tube to the rear BNC connector of
t he Geiger counter.

4. Turn on the CGeiger counter to the CONTI NUCUS node.

The Counter is continuously active in this node and should show a few counts
fromthe source or from background radiation.

Make sure all of the connections are correct. The easiest way to do this is to
hol d a ganmma radi ati on source, if you have one, near the side-wall of the Geiger
tube. This will cause the tube to count rapidly and verify that all connections
are correct.

To start the measurenents, renove the gamma source and anything el se that m ght
add to the background count.



5. Rotate the source arm to 90° to the right. Using one of the counting
programs on the conputer, record the nunber of counts detected during a
three m nutes period.

6. Move the source armto the 90° left position and repeat the measurenent.
The count rate will be higher on one side than the other. This wll
enable you to determine in which direction the beta particles are
deflected. The deflection is determined by the polarity of the nagnetic
field and the charge on the beta particle. Can you confirmthe polarity
of the charge on the beta particle?

Now we enter the key stage of this lab, MEASUREMENT OF THE INTENSITY AS A
FUNCTION OF ANGLE. It is convenient to nmeasure the count for 5° increments in
angle. Smaller steps than this are close to the resolution of the apparatus and

waste tinme. Larger steps have too few points to make a convincing graph. | f
time is limted, 10° steps can be used without too great a sacrifice in
credibility.

7. Set the Source armon the side that gives the higher intensity as measured

inthe first part of the experinent. Time the count for 5 mnutes.

For weak sources and | arge angles, the count can be very low so that the time it
takes to collect large counts is quite I|ong. Since |aboratory time is very
limted, it is best to decide on a data collection procedure that can be
completed in the available tinme. Usually, counting for fixed tine intervals is
best, say three or five mnutes, so that the total tine is predictable even

t hough the accuracy will not be very high for the | ow count rates.
8. Measure the count for each five degrees interval starting at 90°. The
count rate will change significantly between settings. Continue until 10

poi nts have been neasur ed.

9. Measure the background radiation. This measurenment is inportant, since
t he background count nust be subtracted from all of the other readings.
Count for at least four times as long as the time period used for the
angl e neasurenents. The source arm should be set to 80° on the opposite
si de. The nmagnetic field will sweep the beta particles away from the
Ceiger tube so that the tube wll be responding to cosmc ray and
envi ronmental radiation rather than the source.

The background is usually fairly constant for a given Geiger tube and anplifier

in the sanme environnent. After the background has been neasured by several
groups in the | aboratory and found constant, its value can be used so that |ater
measur enents are unnecessary, thus saving laboratory tinme. It is always safest

to measure the background before and after the measurements, if serious work is
undert aken.

If the EN-30 Precision CGeiger Counter is used, all of the measurements can be
made to fixed accuracy. The Precision Ceiger Counter wll measure the count



rate for a fixed nunmber of counts. This is very convenient for measurenent of
the low count rates and background count that can take alnbst three hours to
reach 4000 counts. The EN-30 holds the neasured count rate until the operator
cones to retrieve it.

Cal cul ation of the Beta Energy Spectrum (fromthe data)

Plotting the count rate mnus the background is the first plot that should be
made. It will show if an error has been made and a particular point should be
measured again. A sanple of data plotted this way is shown in Figure 2. This
figure shows two sources, Thallium® and Strontiun?®, both good sources of beta
radiation. It can be seen that the peak intensity for Sr*® occurs at a smaller
defl ection angle than for T1?°*. This suggests that the beta particles from Sr
are nore energetic than those from T12°4. This is indeed true.

You may find that the points on your curve are nore scattered than those in
Figure 2. This is because the data are based on the count rate for 4000 counts,
so that the points are very accurate, but it took several days to collect the
data. You may not have tinme to use this many counts. The curve is a sanple of
what you could achieve if you had the tinme to do it.

A second comment shoul d al so be made about the figure. The Sr% source used had
only 1% of the intensity of the T1?°® source. This does not change the results
but it nmakes the data difficult to plot. To correct this, the Sr*® data were
increased by a factor that nade the tw sources have the sanme apparent
intensity.

O greater interest than the count rate, which is after all only characteristic
of the source and the apparatus, is the count rate versus angle which is
equi valent to the count rate as a function of energy. It was shown earlier that
with a know edge of the nagnetic field, the deflection angle could be used to
determine the energy of the particle. The T1?°® data plotted in Figure 2 are
tabul ated in Table 1, together with the energy and the rate of change of energy
wi th angl e.

It can be seen fromthis table that the energy increases with angle in a very
nonl i near manner. The energy increase for a change in angle becones very |arge,
as the energy is greater. Since the geonetry of the collimator and collector in
t he Spectrograph have a fixed collection angle of about 5°, the result is that
the range of energies collected for a given angle changes with the angle. The
data that has been taken gives the relative anpunt of radiation directed into

each 5° angle increment (0-5°, 5-10°, 10-15°, ...), i.e. counts per Dq.
However, our true interest is in finding the beta radiation energy spectrum for
the source, i.e. the relative nunber of beta particles emtted as a function of

particle energy. We nust transform out data into the form counts per DE to



800 T T T T

Thalium 204

D

(=]

o
T

Strontium 90
400

Counts/min above Background
N
o
o

20 40 60 80
Beam Deflection (Degrees)
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Sour ce: Thal | i un?09
Background Count: 24/ m

Angl e Ener gy( MeV)

90 . 343
85 . 394
80 . 452
75 . 517
70 . 592
65 . 679
60 . 780
55 . 900
50 1. 044
45 1.219
40 1.438
35 1.720
30 2.095
25 2.620

AE/ A®
(relative)

. 051
. 058
. 065
. 075
. 087
. 101
. 120
. 144
. 175
. 219
. 282
. 375
. 525

Count/ mn

816
767
739
639
536
398
258
183
121
77
55
39
35

Table 1

(¢ ni n- Bkgd)

792
743
715
615
512
374
234
159
97
53
31
15
11

(¢ i n- Bkgd)

AE/ AO

792
657
555
417
300
188
99
56
28
12
6




obtain this information. Thus we need to multiply each neasurenent by
_Da
DE@)

The sinplest correction has been used in Table 1. The differences for
successive energies in colum two are tabulated in colum three. The (Count/mn
Background) value is divided by this nunber and then normalized by nultiplying
by the value for 85°, i.e., .041. A sample calculation for 50° gives

(183 Counts/min) - (24 Background) . 0.051= 56( Counts/min ).
0.144 (DE/ Dq at 50°) DE

This correction makes the data conparable to other published beta spectrum dat a.

The spectrum of T1?°* and Sr% are shown in Figure 3 corrected for constant DE
by the above procedure. As before, the Sr® curve is adjusted upward to pl ot
with the T1?° curve.

The nost significant characteristic of the beta spectrum is the energy cutoff
value. This is the value referred to in tables of energy of beta radiation. From
Figure 3, it is clear that nost of the energy of the radiation occurs at |ower
energies than this cutoff val ue. The nature of the spectrum was difficult to
understand, since there seems to be no other change in the nucl eus except that
it changes to the next higher positive species. But if the beta particles
energe with a wide range of energy, how is mnonmentum and spin conserved?
Conservation was naintained by the additional enmission of a very hard to detect
particle, the neutrino, which carried off the balance of the energy and spin. A
beta particle emerging at maxi mum energy takes it all. For |esser energies, the
bal ance is carried off by the neutrino. So this little experinment establishes
the charge of the beta particle and gives the experinmental basis for the
exi stence of the neutrino.

Sections of this Lab were taken from

Instruction Manual for EN-08 Student Beta Spectrograph, Daedaoln Corporation, 35
Congress Street, Salem MA

Physics Vol. 2, Tipler, Wrth Publishers.
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Appendi ces

The determ nation that beta radiation consists of charged particles is the nopst
significant conclusion of this experinent because it establishes the nature of
this fundanental type of radiation. The neasurenent of the energy spectrum of
the beta particles is of alnost equal inportance, for the nature of the energy
spectrumled to the discovery of the neutrino by Ferm in 1934.

It is intuitively clear that the slower a beta particle is noving, the nore
strongly it will be deflected by a magnetic field. The path of charged particles
of any energy will bend but the radius of curvature will depend upon the energy.

By neasuring the strength of the magnetic field and the radius of the path of
the beta particle, the energy the particle had can be determ ned. To derive the
required formula, let us start by determ ning the radius of the path through the
field by measurement of the deflection angle. The geonetry of the beam passing
through the field is shown in Figure 1. The beam enters the nagnetic field at
point B and follows a circular until it |leaves and enters the Geiger tube. The
radius of the arc r can be determned fromthe radius of the field R and the
defl ecti on angl e.

The angle ACB is seen to be (180° - q = (90° - o/ 2). Therefore the angl e CAB
= (180° - 90° - ACB) =qd/2. 1In the triangle ABC,

tanq_:B’
2 r
so that
R
r=——.
tand
2

The total energy of a beta particle is the sum of the potential and kinetic
energy and is given by

E =/(p)? +(myc?)? - myc?,

where c¢ is the velocity of light and m, is the rest mass of the electron.

Di vi ding through by mc?,

E=moc2(1/(%)2+1- 1).



The centripetal force required to keep a particle nmoving on a circular path is
gi ven by

This force is produced by the charge of the particle e noving through the
magnetic field B. so that

F =eBv.

These two expressions for the force are equal so,

gi vi ng,
mv =eBr .

But mv = p the nonentum of the particle, so that we can substitute in the energy
equati on and obtain,

E=moc2(1/(%)2+1- 1),

and substituting for r,

E =me?( [(— 28 )2 41- 1),

ctan—
m 2

All of the quantities in this equation are known or may be nmeasured by our
experi nment.

For the EN-08 Beta Spectrograph apparatus used in this lab, R= 5.7 x 102 m and
B =6.9 x 102 T. The remaining values can be taken from tables of physical
constants. Making these substitutions gives,

E = 0.511( (%)%1-1) MeV .

tan—
2

This is the required forrmula relating the energy of the beamin units of MV, as
a function of the deflection angle of the beamfor the particul ar equi pnent used



in this lab (EN-08 Beta Spectrograph). Renenber that this equation is derived

from an apparatus that had a field of 6.9 x 102 T. This value should not
deviate strongly from device to device but it would be well to check the
assunption. If a flux density neter is available, the field can be nmeasured by

pl acing the probe in the gap between the magnets. Take several neasurenents and
average your results.



