University of Ferrara INFN
PhD in Physics — XXXII cycle

Istituto Nazionale di Fisica Nucleare

Exploring lower atmosphere and topsoil with

gamma-ray spectroscopy

Carlo Bottardi

Ferrara, 16 March 2020

Supervisor: Prof. Fabio Mantovani



Outline

e Studying radon in lower
atmosphere with airborne
gamma-ray spectroscopy

* From the atmosphere to the
soil: 214Pb rain-induced
gamma activity

 Gamma-ray spectroscopy in
the framework of precision
agriculture and soil water
content

* Main goals reached in my
PhD




Scientific motivations of my PhD: gamma spectroscopy for studying...
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2) Rain-induced gamma activity because:

222Rn is a proxy for air pollution; * represents a background for in-situ

222Rn is a tracer for the study of the non-stop monitoring detector; its measurement extends in an area
diurnal mixed layer; * has aradiological impact to human comparable to satellites’ resolution;
it’s possible to measure gives real-time, non disruptive and
concentrations ~ 1 Bg/m?3 in real time. automatics measurements;

can improve the irrigation pianning.




ObserVing the natural raaloaCEIVIEy with gamma-ray spectroscopy
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ray spectroscopy dow on the world




Instrumentation for Airborne Eamma-ﬂay gpectroscopy mgﬂg;
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Radioactivity during specific surveys over the sea

~ 5 hours of total data
acquisition within altitude
range of 77 - 3066 m

Height [m]

E
=
N
=
7]
I
ForteldeyMarmifs 474
- » !
ol
EBictrasan s
. \ L—d
E
o
=
=
[}
I

Height [m]

Tyrrhenian Sea

012345km

2000

1500

1000 -

500 -

2000 |

1500

1000 -

500

1000 |

500 +

1000

2000

3000

4000

5000 6000

Acquisition time [s]
S Y
500 1000 1500 2000 2500 3000
Acquisition time [s]
500 1000 1500 2000 2500

Acquisition time [s]

1000

2000

3000

4000 5000
Acquisition time [s]

7w . uBEW 4
& | n(2)aircrarT+cosmic = Apewe + Bgew
&
@
% 15 1
o Al
5 rr W
8 i
] } 1 :'} " ! I
10 | ] L r’ 5 . .!nllf:: '.::I:'I |
I l' ¥l ] ,.!glf'll';:_.‘_.'l_ll‘ﬁg,,f.'a, 1' nl"' ;
SR ::n:!‘ :,.,b R MR R I
T N L 73':,-» ...'""';'!,_. TR ]
229 3 ‘i‘-'.}‘;!l’ T35 DS e sk % i
it GO Pl TR s L
5 '? 4 L:s' 2!
Simple exponential model I
0 A M
i} 500 1000 1500 2000 2500 3000
Height [m]

| expect the radioactivity in the region BEW is

. BEW
represented by the cosmic rays Az et 7

(exponentially increasing with height) and the
intrinsic radioactivity of the aircraft By,
(constant).

BUT | need to take into account
the atmospheric radon (?22Rn).




A new model

* In presence of 222Rn and therefore 2!4Bi
the count rate in 214Bi energy window has
a new altitude dependent component:

222Rn is the only gaseous daughter

of 238U. It exhales from the soil
rich of 238U to the atmosphere.

BEW
npew(z2) = Agpwe? 7+ Bppy + g (2)

* Recent studies on 222Rn suggest a
sudden reduction in its concentration
in air above an height of ~ 1-2 km.
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A new model =

* In presence of 222Rn and therefore 214Bi ~1500
the count rate in 214Bi energy window has
a new altitude dependent component:
BEW
ngew(2) = Aggwe”  “ + Bepw + 1pp(2) ~400

* Recent studies on 222Rn suggest a Therefore a ngpy (2) as
sudden reduction in its concentration the following is expected:
in air above an height of ~ 1-2 km. .., 08

nacw [cps] ap, [Ba/m?]

ag, [Bym°]

3.0 - 4.0

| aimed to develop a real-time *
method for recognizing this 222Rn B
boundary layer with AGRS " ) 10
measurements, taking into account ‘] [ °
that only a sphere of r ~400 m (2.3
214Bj unscattered photon mean free 2E;:::f':::'f':::'f':::'f'::;:i" & ol T
path) contributes to 214Bi count rate. "1 w e w we me o
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2 fits of AGRS data: a comparation

The theoretical models are applied for fitting the experimental count rate in BEW
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+ 3 L] . L)
S. exp. model 0.39 +0.07 (2.01 +0.1)-103 5.5+0.3 / / * 0.07) Bq/m3 distribuited
New model 8.2+0.2 (2.54 + 0.06)-10 49+0.2 1318 +22 | 0.68+0.05 up to (1318 £ 22) m

* The new model fits the data better than the simple exponential model.

* The mean 222Rn concentration and 222Rn boundary layer are in agreement with the literature :

ag, ~ 1Bq/m3,s ~ 1500 m.
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Gamma ray spectroscopy is like a window on the world

..for observing
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A proximal gamma-ray spectroscopy experiment

Experimental test field of the Acqua
Campus of CER (Emilia-Romagna, Italy).

Period of data acquisition : 4" April — 2"
November 2017.

2 stations: gamma station (y) and
agrometeorological station (W)

The gamma
activity and
the
meteorological
parameters
are
“quantized” in
15 min =0.25
h of temporal
resolution.

44.5706°N

44 .5700°N

11.5322°E 11.5328°E

Gamma station (y)

Agrometeorological station (W)

Wind -

gauge

i X ’d l
4 7 ‘\
N/ PFe 3
. A e X
- 3 < (i
sor B\ S
Y ER
"."‘\ l N

&% 2 Rainfall rate (mm/h) |

SN
BN

Rain gauge

--------
I # / ]
‘‘‘‘‘‘‘

o =
S ———




What haEEens during a sunny dax and a rainx dax

214py, v count rate [cps]

2.4 Measured 2'*Pb count rate ~ ®
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The count rate shows a daily fluctuation with
amplitude ~ 0.26 cps with mean ~ 1.00 cps: very
small compared to the rain gamma activity increase.
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What haEEens during a sunny dax and a rainx dax

214py, v count rate [cps]

2.4 Measured 2'*Pb count rate ~ ®
: Fit with a period 1=(1.0 £ 0.1) days
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The count rate shows a daily fluctuation with
amplitude ~ 0.26 cps with mean ~ 1.00 cps: very
small compared to the rain gamma activity increase.
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Let’s take a rain episode with duration = the detector
resolution: 900 seconds.

C.,(t) is the PEW count rate predicted by the model.

is the environmental background count rate: the
number of net PEW cps not due to the rain, assumed to be
constant in time.
The count rate C_,(t) is assumed to be = before the rain
and to suddenly increase by AC in the middle of the
temporal bin, when the rain activity “hits” the detector,
then it decreases exponentially due to 2*Pb radioactive
decay.

Cpb(t) = ACe_}\Pb(t—t1—4SOS) +
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Gamma 2'*Pb [cps]

Generalizing to a longer rain episode

Estimated y 2'Pb ———

Estimated 2'*Pb background
Expected measured y 214py,

Rainfall amount =

The approach is extended from 1
to 2 rain impulses.

The environmental background
count rates before (CBkgBef”e) and
after (CyAfte") the rain episode
are in principle different due to
the shielding effect of water.

A rain episode with N rain
impulses will induce N different

After
CBkg
|

e,
wwom@”wc@”n&o«owmw&-c
]

1 2 3 45 6 7 8 9 10
Time [h]

10

0

Water amount [mm]

How can AC,
be
parametrized?

|AC;= AT - A - R“|

AT =0.25 h is the
detector resolution.

R. [nm/h] is the rain rate
in the i-th interval of
time.

A and d are free
parameters. They are
constant over the single
episode but can in
principle change for

different episodes.
17



Experimental data and model fi

Irrigation amount

Gamma 2"pb [cps]

Measured y2'#Pb —e—  Rainfall amount mmmm
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12 rain episodes analyzed. 4 fit parameters: A, d, CBkgBef“e, CBkgAfter
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Results of the analxsis

.N. Date Duration  Precipitation Rate A18A d+6d [adim] el 1 o Caig" ter£8Cy ATt
episode [DD/MM/YYYY] [hh:mm] [mm] [mm/h] [cps mm hd1] e [cps] [cps]

1 17/04/17 2:45 8.0 2.9 26+1.0 0.48 £ 0.06 1.25\} 0.05 1.14} 0.04
2 27/04/17 2:15 7.8 3.4 1.5+0.6 0.77 + 0.06 \1.'oﬂ:r 0.05 \g% 0.04
3 04/05/17 0:45 6.3 8.3 1.0+£0.4 0.75 £ 0.07 1.15+0.05 1.13+0.04
4 25/06/17 0:45 3.8 5.0 5 4)+ 3.2 0.42 +0.09 1.14 + 0.05 1.05 + 0.04
5 28/06/17 1:30 15.3 10.2 3.4 +0.7 0.34 +0.03 1.14 £ 0.04 1.00 £ 0.03
6 11/07/17 3:15 23.5 7.2 2.5+0.5 (0.48)+ 0.04 (0.7)+0.05 (0.99): 0.04
7 06/08/17 1:45 18.3 10.4 1.4+0.3 3-7/1 1+ 0.05 T3/6 + 0.05 3-9? 1+ 0.05
8 10/08/17 1:30 13.0 8.7 34+0.2 Glai 0.09 1.15+0.05 0.83 £ 0.06
9 02/09/17 0:45 3.8 5.0 26+1.0 0 48 + 0.05 1.35+0.05 1.02 + 0.04
0] 07/09/17 1:45 5.5 3.1 4.6 £3.7 0.23+0.11 0.94 + 0.05 0.86 + 0.04
11 24/09/17 1:15 9.0 7.2 O 7 0.6 mi 0.15 1.50 + 0.05 1.06 £ 0.04
12 06/10/17 3:45 19.0 5.1 4.0 + 0.8 \/ 1+ 0.03 1.34 + 0.05 1.05+0.04

* The A and d parameters are characterized by some variability among the different rain episodes.

. CBkgBefOIre is, as expected, generally larger than CBkgAfter due to the shielding power of rain water penetrated

into the soil or deposited on its surface.
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The txgical rain egisode

AC =AT-A-RYT

* AC [cps] = impulsive count rate

|

i AC=AT(2.15iO.1ﬁWSOiO'O3)— o |

- o PNEW S
parameter. a _$
* AT [h] = detector time resolution = B ¢ il
0.25 h.

* R [mm h1] =rain rate.

* A lcps mm™ h%!] = proportional
constant.

* d[adim] = power of R.

 The 82 0.25 h impulses of rain of the
selected episodes were reported in
figure.

214pp impulsive count rate AC [cps]

* This allows to determine the A and d
parameters that describe the AC
dependence on the rain rate R for the 1
mean rain episode.

N W A~ O OO N O
]

t

* Thedvalueisin agreement with the 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
rerature. Rainfall rate R [mm/h] .
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Since the water shields terrestrial gamma ray, why don’t use proximal gamma spectrometry for measuring the soil
water content in precision agriculture?

7 ﬁ%ﬁ‘%!sa |

]

| canuse the same equipment nthe same tes el

0= 33.6 _120 The soil water content 8 is inversely proportional to the signal S (K)

S(K) produced by the “°K decay measured by the gamma spectrometer .,



montns of data taking

10000

Acquired spectrum

* 15 minutes acquired spectrum

* Total counts ~ 180 103

* Net counts in 4°K window ~ 6 103

e Statistical noise of ~ 0.5 % for 1h acquisition
* | acquired 20502 spectra (~260 GB)
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In a typical soil ~ 95% of the gamma
radiation is emitted from the top 25 cm of
the soil.
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Cumulative contribution of ground 0 | N
radioactivity in percentage as function of o5 1
the source radius detected at height of 2.3 <o} | »
m reaches ~ 95% at ~ 25 m of radius. 85
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On 18 Sept. 2017, 16 samples were coIIected at dlfferent dlstance
the grawmetrlc water content w.,, was measured

W CRCAL cps]
‘ CR;[cps]

(0.899 + w,,,) — 0.899

9[ ] _ Vwater _ o Pdry soil
m3 Vdr_y solil P water

The gravimetric water content w at time t inferred by K counts rates is
obtained after setting the calibration data: gravimetric water content (w¢,,) -
and count rate in 4°K window (CR,)
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lead to estimate the abundance of
222Rn in atmosphere and the height
of the 222Rn layer.

A new model to modelize the ?'*Pb
rain-induced gamma activity in
function of the rain intensity: every
impulse of rain instantaneously
increases the count rate

in excellent agreement, compatible
at 1o level.
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