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Pre face

-6

Alpha Spectrometry is a fascinating technique because it allows you to have accurate
information about the radioactive decay of heavy nuclei and about the physics of the
interaction of charged particles with matter. But this is a rather difficult technique, even
more difficult than gamma spectrometry. The difficulties of this technique lie in the type of
detector, usually a solid state silicon detector (rather expensive) that produces a very weak
signal which requires, to be analyzed, verylow noise amplifiers

The measurement has to be made invacuum conditions (however not high vacuum) so
that the alpha particles are not shielded from the air. The sources that are measured have
to be carefully prepared so as to have a layer athin and uniform as possible so that
alpha particles are not diffused and absorbed within the source itself.

Despite these difficulties it is possible, with a fair amount of work and patience, prepare a
DIY instrument that can give a lot of satisfaction.
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The alpha radioactive nuclei (typically heavy nuclei) can decay by emitting alpha particles

(helium nuclei) with energies of the order of a few MeV, with spectra with lines,

corresponding to the energy levels of involved nuclei . In the figure aside it is an example of

energy spectrum of alpha emissions of U-238. The alpha-active nuclei are heavy nuclei

with atomic number greater than 82 (lead). Examples are Polonium, Radium, Thorium,
Uranium, etc ...

The alpha decay has been explained theoretically by G.
Gamow in the first half of the previous century making
use of the tunnel effect in quantum mechanics. In the
figure is a graph which shows the wave function of the
20+ alpha particle inside the nucleus and outside, beyond
the Coulomb barrier. Although the alpha particle does
A not have enough energy to overcome the barrier it is
1] . seen as outside the nucleus the wave function is not
' 'ﬁw: zero and thus there is a nonzero probability that the
AR alpha particle is ejected from the nucleus. Using this
1 1 1 model it is possible to explain with good accuracy the

10 20 30 40 .
, , characteristics of alpha decay.
Separation of centers (fermis)

Tunneling model of
301 alpha emission

Energy (MeV)
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Solid State Detector

In a semiconductor, the equivalent of the ionization energy is the band -gap energy to
promote an electron from the valence to the conduction band. In Si at room temperature,
Eg = 1.1 eV,compared to ~15 eV to ionize a gas. A charged particle moving through Si
therefore createsmore ionization  and a larger signal. When ntype and p-type silicon
are put in contact, creating a p-n junction, the flow of the two different free charges across
the boundary creates adepletion zone , an electrically neutral area near the junction
where an internal electric field sweeps out any free charge.

By reverse biasing the junction, the depletion zone can be made large, ~hundreds of
microns. If an energetic charged particle ranges out in the depletion zone, an amount of
ionization proportional to the particleods
By plating metallic ohmic contacts on the outer surfaces of the crystal, it is possible to both
apply the bias and collect the free charge from the depletion zone, so that the whole
assembly is a high gain, solid state version of the capacitive ionization chamber.

In our project we have used the detector shown in the image
aside (thanks to Professor John Bland). It features the
following technical data :

Canberra PIPS SPD100-12 (partially depleted)

Active Area = 100mm?2
FWHM 12KeV at 5MeV
Bias Voltage= 40V
Thickness= 1007 m

=A =4 =8 =9
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Signal Processing

The signal produced by the detector has very lowamplitude and therefore it requires an
appropriate amplification. Given the very low level of the signal you must use very low
noise amplifiers, also the bias voltage must be free of ripple, which is why we have adopted
a power-based batteries. The preampilfier of the signal is based on acharge sensitive
preamplifier type (CSP) : the current pulse generated by the detector is converted into a
voltage pulse by means of the charge of a capacitor.

In th e scheme below it is presenteda basic diagram of a charg preamplifier :

SENSOR J‘ U;
I

Basic configuration of a charge-sensitive amplifier

Response of a CSP amplifier

""" Fohe L At time domains lasting up to a few microseconds,

SO SRR SN AU SRV SUUOE SUNN S the CSP output is the time integral of the current
pulse from the PIPS/Surface barrier detector. The
output rise time is approximately equal to the
duration of the current pulse, although the speed of
the CSP sets a lower limit to this rise time.

Because the CSP Produces an output voltage step
that is proportional to the time integral of the
current input and remembering that :

t
Vnul(t) e Q(f) =./vidd‘t

the CSP output is proportional to the total charge
(Q) from the PIPS detector. At much longer time
domains the response of a CSP to a fast current
pulse from a PIPS detectors is in the form of a tail
pulse.

Vout(t): CSP output pulse: 10ns/div
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A tail pulse has a fast initial rise time followed by a
very long exponential decay back to the baseline. A
tail pulse response from a CSP module is shown
below.

The reason for the exponential decay is the
resistance that is placed in parallel to the feedback
capacity. This solution is necessary so that the CSP
can respond to subsequent pulses.

CSP output pulse: 100us/div

Shaping the Tail Pulse into a Gaussian Pulse

The output of the CSP (with its tail pulse signal shape) should only be considered to be an
intermediary step in producing a measurable output. The long tail makes digitizing the
pulse heights impractical, because pulses will often ride on top of the long tail of one or
perhaps several preceding pulses. To quicken the decay time of the pulses we recommend
routing the CSP output into a shaping amplifier internship which produces a
symmetrical bell -shaped pulse. Another important feature of the shaping amplifier is that
much of the noise is filtered, improving the signal to noise ratio considerably. Signals that
may be buried in the noise of the CSP output become clearly above the noise fter the
shaping internship.

In the scheme below it is presented the basicdiagram of a shaping amplifier:

HIGH-PASS FILTER LOW-PASS FILTER
‘DIFFERENTIATOR" “INTEGRATOR"

—%W

A simple pulse shaper using a CR “differentiator™ as a high-pass and an RC
“integrator” as a low-pass filter.

In following scheme the basic schemeof a signal processing chain is presented, it consists
of bias, detector, CSP amplifier and pulse shaper :
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A typical detector front-end circuit

Amplifi er Construction

For our alpha spectrometer we decidedto use a commercial CSP , the model CR-110

made by Cremat It is a hybrid CSP preamplifier with a feedback capacity of 1.4 pF and a
feedback resistance of 100 Mn, 140eWasdecsidedtew on st
adopt a commercial component (it is not expensive) because the CSP is a critical
component and the functioning of the system depends greatly on the good performance of

the CSP in terms of gain and low noise. The diagram below shows the connections of the
component:

filter
|[PIPs detector bias
= Cremat Inc
PIPS/surface 8 CR-110
barrier detector g rev. 2
g
- »
T
o
|1
1
0.01uF

I n particular the Dbias resistance @hestvaiues] t er
taking into account a dark current of less than 100nA, guarantee a good compromise
between the need to limit the drop in the bias voltage and that of having an adequate
amplitude signal on the coupling condenser towards the CSP.

The shaping amplifier instead was "homebrew", as already described in the postPMT
Pulse Processing The images below show the finished circuits inside a metal box that
constitutes a shield against RF interference.
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Vacuum and Chamber Setup

The first solution that we tried in order to achieve the alpha spectrometer has been an old

system no longer used (found on eBay ..): the famous "Nucleus”, image on side. It is an
apparatus which includes a small vacuum chamber alongwith all the necessary electronics

for the biasing the sensor and for processing the signal. But the evidence shows the old
electronics proved not to be very reliable so we decided to remake both the vacuum
chamber that all the electronics.

For the vacuum chamber we used a sealed diecast aluminum container, drilled for the
BNC connector and for through-connection for the pipe from the vacuum pump. In the
picture below you can see the "new vacuum chamber" :

To Vacuum
Pump

Detector

- &

| —— ' ';/{:.'5 ]
Vent Valve fria ‘-_“y
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In the images below instead you see the overall setup of the apparatus and the vacuum
pump, two-stage rotary pump.

Vacuum Chamber

Amplifier Vacuum Pump
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Multic hannel Analyzer

After the hardware now we deal with software. The pulses generated by the shaper are
acquired by MCA Theremino  software through a USB sound card. Theremino MCA is
the software that we have extensively used in gamma spectrosgpy studies, widely reported
on this blog. In Theremino web site there is a whole section on this application, with a
rich set of documentation.

The version that we used is7.2. This version has beenspecially modified to enable the
usage also for alpha spectroscopy. In particular has been expanded the scale of energies up
to 10 MeV, it has also been expanded adjustment range of MinEnergy and EnergyTrimmer
parameters.

In the image below we showthe alpha spectrum of Americium source Am241 (from smoke
detector) which emits at about 5,5 MeV.
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Because of the source shielding, alpha particles have an energy a little bit smaller tharthe

real one and so the peak isshifted at about 4800 MeV. This source, easily available, can
still be used for a first calibration  of the software. Theamplification = parameter and the

energy trimmer cursor must be adjusted so as to bring down the peak at about 4800 MeV.

If acting on these adjustments it cannot place the peak adequately, then it is necessary to
act on the amplification shaper , up or down, so as to fall within the range of expected
energies.
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Select sample

[ Modificail filzdellerighe |

In order to have readily availablethe main alpha
emitters isotopes it has been prepared a new file of the isotopes
energies, comprising only alpha emitters with energies from 1.5
to 9 MeV.

The newlIsotopes Energy.txt  (isotopes_energy ) files must
be replaced to the existing file
in Theremino_MCA/Extra folder (you should make a copy of
the original file). The list of the isotopes will ap pear as shown in
the image aside.

Operati ng Procedure

To take a measurement it is necessary to insert the sarce inside the
vacuum chamber, activate the vacuum pump and when the pressure
has dropped to the minimum, give voltage to the detector. The detector
should never be biased at atmospheric pressure and should never be
exposed to light when powered otherwise be damaged.
The detector is very sensitive and its active area must never be
touched, if you need to remove dust you could use a breath of air, also
maximum working voltage must not be exceeded.
Another care that must be followed is that of not leaving alpha sources
within the vacuum chamber for too long, this is because the sensor is
slowly damaged by the particles themselves. It isalso important to be
careful to not "contaminate" the measuring chamber with residues of
samples, this can be easily doneusing a disposable aluminum foil as a
source of support.

AlphaSpec_ENG - 24/11/2016i Pag.14


http://physicsopenlab.org/wp-content/uploads/2016/11/Isotopes_Energy.txt
http://physicsopenlab.org/wp-content/uploads/2016/11/IsotopiAlfa.png

Some Alpha Spectra

With the help of the spectrometer for alpha particles, described in the post DIY Alpha
Spectrometer, we looked at some isotopes and radioactive substances. The main difficulty
of the alpha spectroscopy is the preparation of the source: to obtain net lines and good
resolutions it is necessary that the active layer is very thin (ideally only a few atoms) and
homogeneous. Of course this is quite hard to get, so we will content ourselves of the
sources that can be prepared in a "home" laboratory.

Spectrum U AreeAm)ci um

Americium -241 was directly obtained from plutonium upon absorption of one neutron.
It decays by emission of aU-particle to 237Np; the half-life of this decay was first
determined as 510 + 20 years but then
corrected to 432.2 years. Americium is the only
synthetic element to have found its way into the
household, where one common type ofsmoke
detector uses24?Am in the form of americium
dioxide as its source ofionizing radiation. This
isotope is preferred over 226Rabecause it emits
5 times more alpha particles and relatively little
harmful gamma radiation. The amount of
americium in a typical new smoke detector
is 1 microcurie (1 uCi,
37 kBg) or 0.28 microgram . This amount
declines slowly as the americium decays
into neptunium -237, a different transuranic
element with a much longer half-life (about
2.14 million years). With its half -life of 432.2
years, the americium in a smoke detector
includes about 3% neptunium after 19 years,
and about 5% after 32 years.

am Americium decays by means of

the 4n + 1 chain ofNp-237 is
commonly <called the
serieso or Aneptuni
The americium decay takes place
by means ofemission of alpha
particles with energy of 5443
KeV and 5486 KeV

a 5389 MeV (10%)

0156 a 5443 MeV (125%) ..
| 5,486 MV (86.0%) For our test we used.a americium
YO09TI0.02%) a5,545MeV (0.3%) capsule contained in a smoke
0102 ok detector. Keep in mind that the
y0043 . . .
(0.1%) active element is deposited on a
0059 1 & support protected by a very thin
y0102(002%) _i, golden plate, as seen in the image
y0.069(36%) £ above, this has the effect of
w

Q000 = L — lowering a bit the energy of alpha
- u'® - e particles and enlarge the line
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emission decreasing the resolution.

In the diagram below you can see the alpha spectrum of americium emission : a ine
centered at about 4800 keV with a FWHM of about 4%.

ao 1000 800 200 2000 2000 e 4000 a0 noac a0 8000 580 TO00 TS0 000 &
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The measurement of the americium spectrum displayed above was made in a vacuum, if no
air is evacuated from the measuring chamber the result that is obtained is different

because the air has theeffect of slowing the alpha particles and dispersing their energy.

The chart below shows two spectra of americium alpha taken with the source at two
different distances from the detector without evacuating the chamber. You can see that
how the lowest peak, corresponding to a greater distance from the sensor, has lower energy
and greater line width than the largest peak, taken at a shorter distance, this effect is
known as energy straggling
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Spectrum U (R&Rd)i um

Radiumis a chemical element with atomic number 88. Its symbol is Ra. The word
radioactivity is derived from the name of this element (for historical reasons) even if it is
not the element with the highest known radioactivity. White, black on exposure to air. It is
an alkaline 7 earth metal present in trace amounts in uranium minerals. Its most sta ble
isotope, Ra 226, has a halflife of 1602 years and decays into radon.
Radium 226 belongs to the decay chain4n+2 of U-238c a | | e duraniumeserig®d or
Auranium cascadeo.

Beginning  with  naturally  occurring uranium-238 this series includes the
elements: astatine, bismuth, lead, polonium, protactinium, radium, radon, thallium,

and thorium. All are present, at least transiently, in any natural uranium -containing
sample, whether metal, compound, or mineral. The series terminates with lead-206.
The image below shows the radium section of the decay chain.

“Ra

1602 Years Rad
aamum

Francium
Radon
Astatine
Polonium
Bismuth

Lead

Actindes

|

L Alkall Metais
Alkaline Earth Metals
Halogens
Meotalods

Thallium

Noble Gases
Poor Metals

Tranattion Metals

Mercury

As you see there are many alpha decays that should leave their mark on the alpha spectrum
of a radio source. In the following table the main radium decays are reported, highlighting
the alpha decays and the corresponding energies.
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Decay process

Half-life

226Ra —222 Rn + (4784.34keV)
222Rn —218 Po + (5489.48 keV)
218pg 214 Ph + (6002.35keV)
2U4pp 4214 Bt e~ + i
21RB; 5214 Py - e~ 77
214py 210 Ph + (7686.82keV)
210pp 210 Bj e~ + i
210B; 3210 po 4 ¢~ + &
210po 206 ph 4+ o(5304.33keV)

1600 year
3.8232 day
3.071 min
26.916 min

19.8 min

162.3 us
22 23 year
5.012 day

138.3763 day

Table

Energy of principal « particles emitted by 2?°Ra source.

For our test we used two watch hands with radium luminous paint, the level of
radioactivity is low, but the layer of paint is very thin and this facilitates the formation of

emission peaks.
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In the image below we report the spectra obtained.The first spectrum without line
broadening compensation, the second with this algorithm applied (it is for gamma
spectroscopy but applicable also in this case) in order to make the energy peaks more
visible.
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In the spectrum we recognize the emission peaks of Radium 226 (4782 KeV), of Polonium
210 (5305 KeV), Radon 222 (5490 KeV), Polonium 218 (6002 KeV) and Polonium 214 (7687
KeV). There is also a peak at around 5000 keV, which corresponds to isotopeProtactinium
231and emission peaks which could becorrespond to Uranium 235 emission.
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Spect r RadonJ222 Daughters

’ / / g ! Uraninite
il Bl

Adopting the setup shown in the images above you can make the spectrometry of some
isotopes of Radon progeny. A uraninite sample is placed inside a sealed pouch with a piece
of paper. Radon emitted from the ore with his daughters (in particular P0218, Pb214,

Bi214 and Po214 ) settles in part on the surface of the paper and can be detected by the
alpha spectrometer.

Radon

Astatine

Polonium

Bismuth

Lead

AlphaSpec_ENG - 24/11/20161 Pag.20


https://i0.wp.com/physicsopenlab.org/wp-content/uploads/2016/11/RadonDaughters4.png

In the graph below you can see after few minutesthe peaksof P0218 at 6000 KeV
and Po214 at 7687 KeV.
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In the chart below you can see how after several minutes remained only the peak ofPo214 due to
the fact the Po218 has a decay time of3 minutes . Note the presence of an emission peak in
correspondence isotopeBi211, product of the decay of uranium 235 through the Radon 223.
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Using the electrostatic trap that will be described in the following paragraph has been
acquired an additional spectrum of radon progeny. The electrostatic trap allows for
selectivity and concentration of the positive ions produced by radon decay.
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We note the presence of the isotope Po0211 product of the decay of uranium 235 through
223 Radon.
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212 and Po-212, both of them alpha emitters.

is the name that identifies the radon isotope with atomic weight 220. This

radioactive isotope is produced in
the decay chain of thorium and its
decay time is about55 seconds .
In the thoron decay chain
highlights the Pb-212 isotope,
with a half-life of approximately 10
hours, with the 239 keV main
gamma peak. In the field of alpha
radiation important are the Bi-
212 and Po-212 isotopes. The
image on the left shows apart
of the decay chain fromradon 220
onwards. As thoron source were
used the classical thorium mantles.
To capture the progeny of thoron
an "electrostatic ion trap " has
been used to capture and
concentrate the isotopes on a metal
plate, the positive ions produced by
the beta decay of Pb2l12 :Bi-

10 KV HV Gen.

+

The ion trap is shown schematically in the drawing shown below : it is a metal container
that is positively charged with respect to a metal plate placed inside at a center position.
Inside is introduced (or generated directly inside) Radon gas, which in turn decays and
produces positively ionized isotopes that are rejected by he external walls and attracted
toward the plate by the electrostatic field. The images below show the device.
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https://i2.wp.com/physicsopenlab.org/wp-content/uploads/2016/11/IonTrap2.png
https://i2.wp.com/physicsopenlab.org/wp-content/uploads/2016/11/serieTorioAlpha.png

lon Trap
Closed

With this method it was possible to concentrate the two isotopes and obtain the alpha
spectrum shown below, in which are seen, the emissionpeaks of the Bi212 and the Po212
with the corresponding beta emission.

Spetro Gmime) 0 | Dawe) whineny) (59 aiaey)
Be2 ] -
° 50 %000 1500 2000 200 W00 2500 A00 4500 5000 G500 0000 6600 OO0 TGO 4000 BSO0 9000 8500 f

L

32m

Beta Radiation
bcan from T1208and i
Bi212 Decav ﬂ i g

230m

G.05m

...............

(@Rl MB42 L Re3) \Fsode. Umamese UV5s mion >

AlphaSpec_ENG - 24/11/20161 Pag.24


https://i2.wp.com/physicsopenlab.org/wp-content/uploads/2016/11/ionTrap.png

Spectrum U P8P®ni um

This isotope of polonium is an alpha emitter with a half -life of 138.39 days. One milligram
of this metalloid emits the
same number of alpha
particles of 5 grams of the
radio. The decay of this
element also releases a
large amount of energy:
half a gram of polonium -
210, if it is thermally

isolated from the
environment, it can
quickly reach

temperatures of about
500 ° C, and develop
about 140 W / g into
thermal energy. A few
curies (giga Becquerel) of
polonium -210 emits a blue luminescence due to excitation of the surrounding air for
Compton effect. Infinitesimal quantity of this isotope can be used as alp ha source

sample for energy calibration in the alpha spectrometer. It should be handled with great
care since the source is open and this isotope is highly toxic.
In the images below shows the source and its location inside the instrument.

The graph below shows the spectrum of the source, it is a specially prepared source
(thin and uniform layer), so you can reach a good resolution:FWHM = 2%
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https://i1.wp.com/physicsopenlab.org/wp-content/uploads/2016/11/Po210.png

Spectrum U UranFuemsfawamr ed

Fiesta ware was the largest selling dish line in American history i 200 million dishes were
. 3 shipped since 1936. The
red/orange color glaze

contains uranium . The
government seized the
company's uranium

supply in 1943 out of fear
it could be used to make a
bomb. A single plate

contains about 4.5
grams of uranium,
mostly U -

238 . Production resumed
in 1959 with depleted

- " uranium (depleted of U -
235) and contlnued until 1972 when it was discontinued out of concerns about uranium
and lead leaching out of the glaze. Because it had not time to be produced, the glaze does
not contain radium, it contains only uranium and some of its daughter isotopes :
The radioactivity comes mainly from U238 and U234 for alpha particles and from Th234
and Pa234 for beta particles. We tested a piece of this glaze with the our alpha
spectrometer. The chart below shows the result :
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The glaze does not permit to have clear alpha peaks but instead we have a large "blob" that starts
from 1MeV and goes till the energy of U238 and U2354 emissions. Below 1MeV it is alscevident
the spectrum of beta emission.
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https://i0.wp.com/physicsopenlab.org/wp-content/uploads/2016/11/fiestawareAlpha.png

The graph below shows the alpha spectum obtained from a fragment of FiestaWare. There
is low resolution due to auto absorption of alpha particles. There are still some peaks and
steps in correspondence at the energy of main alpha emitters ofuranium chain : U 238 and
U 234. There is alsothe peak for the isotope U 235.
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Spectrum U hbriumfrom fiGas Mantl eso

Thorium is a chemical element with symbol Th and atomic number 90. A radioactive

Thorium

Actinium

Radium

Francium

Radon

Astatine

Polonium

Bismuth

Thalllum

actinide metal, thorium is one of only two
significantly radioactive elements that still
occur naturally in large quantities as a
primordial element (the other being
uranium).

A thorium atom has 90 protons and therefore
90 electrons, of which four are valence
electrons. Thorium metal is silvery and
tarnishes black when exposed to air, forming
the dioxide. Thorium is weakly radioactive: all
its known isotopes are unstable. Thorium-232
(232Th), which has 142 neutrons, is the most
stable isotope of thorium and accounts for
nearly all natural thorium, with six other

natural isotopes occurring only as trace
radioisotopes. Thorium has the longest half-
life of all the significantly radioactive
elements, 14.05billion years, or about the age
of the universe; it decays very slowly through
alpha decay to radium-228 (228Ra), starting a
decay chain named the thorum series that
ends at stable lead208 (298Pb). Thorium is

AlphaSpec_ENG - 24/11/2016i Pag.27



estimated to be about three to four times more abundant than
uranium in the Earth's crust, and is chiefly refined from monazite
sands as a byproduct of extracting rare earth metals.

In the past, thorium was commonly used as a source of light in
Auer mantles and as a material for metal alloys, but these
applications declined because of concerns about its radioactivity.

The graph below shows the alpha spectrum obtained from a fragment of gas mantle. There
is low resolution due to auto absorption of alpha particles. There are still some peaks and
steps in correspondence at the energy of main alpha emitters of thorium chain.
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Spectrum a S9SNt i um

Strontium -90 is a radioactive isotope of strontium produced by nuclear fission, with a
half-life of 28.8 years. It
under gddesay iato
yttrium -90, with a decay
energy of 0.546 MeV.
Strontium -90 has
applications in medicine
and industry and is an
iIsotope of concern in fallout
from nuclear weapons and

nuclear accidents.

Naturally occurring strontium is nonradioactive and nontoxic at levels normally found in

the environment, but 0Sr is a radiation hazard.®°Sr  u n d e'rdgcayength a&half-life of

28.79 years and a decay energy of (46 MeV distributed to an electron, an anti-neutrino,

and the yttrium isotope Y, which i n t Udecay with thadf-lifg af 4shouds

and decay energy 2.28 MeV distributed to an electron, an antineutrino, and 90Zr

(zirconium), which is stable. Note that °Sr/Y is almost a pure beta particle source; the

gamma photon emission from the decay of %Y is so infrequent that it can normally be

ignored.

The alpha spectrometer can also be used for the measurements of beta particles, even if the
electrons are more penetrating, and then the stopping power of the detector is lower; this
means that the more energetic electrons can pass through the sensitive layer of the
detector releasing only a part of their energy. Below, the spectrum obtained from a sample
source to 0,171 Ci

As it can be seen the maximum detected energy is about 1200 KeV due to the fact that the
more energetic electrons escape from the detector. The measure is therefore reliable only
for the part relative to the beta emission of the Sr-90, while the more energetic emission of
Y-90 is detected only partially .
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