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§3 mEmzsmsmEE 1 Background

MEME CHINA INSTITUTE OF ATOMIC ENERGY prompt gamma-ray neutron activation analysis
(PGNAA)
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1 Background

PGs and elements
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§3 nERFERZHRR (1 ) Background

lggz CHINA INSTITUTE OF ATOMIC ENERGY PGs and elements

Paulo Magalhaes Martins 2020
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was demonstrated between the amounts of irradiated oxygen in
tissue-equivalent samples and the total emission of prompt gamma radiation during
irradiation by particles.
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&3 DEBEIENSHEE 2 Prompt gamma spectroscopy

ml!!l CHINA INSTITUTE OF ATOMIC ENERGY I‘etrieval algorithm

Basics & Mathematical form

Spectroscopy directly generated by C(p,y)C*

ylelds yields

(2 —— 2H + ¥323 (1)

A



gz TEEFERNSHEE 2 Prompt gamma spectroscopy

MEMD CHINA INSTITUTE OF ATOMIC ENERGY retrieval algorithm
Basics & Mathematical form

Formalize a mathematical model from a phase-only perspective which could be solved by the
numerical method:

Basic assumptions:

1) the sample material has a relationship with its element molar gamma
lines in prompt gamma spectroscopy

2) The dominant factor is the number of element atoms in the molecule

3) for carbon and oxygen, this relationship is linear, and

4) for hydrogen, this relationship is nonlinear and is based on a neutron
absorption reaction

@(CsHg0,) = N.@(C) + No@(0) + f (N, No)p(H) (2)

The dominant or is the number of

element atoms in the molecule

E N N C China National Nuclear Corporation



gz TEEFERNSHEE 2 Prompt gamma spectroscopy

MEMD CHINA INSTITUTE OF ATOMIC ENERGY retrieval algorithm
Basics, Mathematical form

linear components  Non-linear components neutron absorption

<P(CNCHNH0NO) = N.@(C) + Nop(0) H fc(Ng, No, Ny)p(HC) +f, (N, Ng, Ng)(HO)) (3)

/\

N
fe(Ne, No, Nu) = Ny N0+Nc N0+Nc fo(Ne, No, Niy) = Ny NOch NOch )

O Ny : The dominant parameter is the number of hydrogen atoms Ny in the
molecule'

. Represents the factor of the neutron, i.e., the neutron absorption reaction

O

N0+N
(Equation 1) , where the neutron is emitted from the C(p,n)C* reaction.

N .
~ fN . IS a hydrogen enhancement factor because when there are more
o c

hydrogens in a molecule with the same number of carbon or oxygen, the neutron
absorption probability will increase.
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gz TEEFERNSHEE 2 Prompt gamma spectroscopy

MEMD CHINA INSTITUTE OF ATOMIC ENERGY retrieval algorithm
Basics, Mathematical form

linear components  Non-linear components neutron absorption

<P(CNCHNH0N0)eNc<P(C) + No@(0) H fe(N¢, No, Ng)(HC) +f, (Ne, No, Ny ) o (HO)HS)

For hydrogen,|there is only one peak at 2.23 MeV in its PGS, and it does not contribute to
the other characteristic gamma lines in the carbon and oxygen spectra

Transform
unknown material x

Cn Hn,On, = x, 9(HC) = 958>, 9(HO) — 956>, @fé> and fig® are 2.23 MeV
gamma ¢ounts originating from carbon and oxygen per molecule or per mol.
Mathematically

separated linear
and non- Ilnear part

P(x) — @223 = Ncrp(C)+No<p(0)
027 = [ B A, 05

(6)

E N N C China National Nuclear Corporation = Ay
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Basics, Mathematical form

Shoot a single molecule target with a single proton MA: Csta0

P(x) — p3%° = N.o(C) + Nop(0)
223 fc(p223 +fo (PZZS

(6)

Shoot target phantom has M mol molecules with proton beam

FullEnergy _ 4223 — M_@(C) + Mo@(0) (7a)
223 _ pgB2 4F piL (7b)
JI:ullEnergy — M « ) (x)

M My
Fe =M *j. =My Mo M Mo+ Me (®) There are only two unknown
Fo=Mxf = MHMMO variables M, and M, in Equation
(7a). Thus, for a binary linear
equation, we need at least two peak - ]
points to solve the equation. S

ot+M, M0+MC ( )
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gz TEEFERNSHEE 2 Prompt gamma spectroscopy

[ggz CHINA INSTITUTE OF ATOMIC ENERGY ) I'etrieval algorithm
- Basics, Mathematical form

FullEnergy 223
—YP<® = M.p(C)+ M 0) (7a
x x 9 (C) + Mog(0) (72) Solve M, and M,
To obtain a numerical solution, we discretize Equation 7(a)
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gg NEEZENSHEE 2 Prompt gamma spectroscopy

MEMD CHINA INSTITUTE OF ATOMIC ENERGY I'etrieval algOrithm
Basics, Mathematical form

;%'23 FC‘PH%'B +Fyp ‘PZ 23 (7b) Solve MH

Bring coefficients F. and F, into Equation (7b):

223 — g (Mo 223 L Mc  223) MH g,

Now, only M is an unknown variable, and the analytical solution of My, is

223

My = (MO +MC)\/M ¢,2L,53+M ‘P12L1%3 (13)

Mass 12*MC+16*M0+MH
V S *R

P = (15)

> Where 1223 is the peak point count at 2.23 MeV for target material x, which is
determined by neutron distribution (energy, time, and lateral distribution) inside
the phantom. 3
> @23 and %33 are the PG counts per mol hydrogen with neutrons originating from

carbon and oxygen.
P WP W wrira Nauondl nuciear Lorporaton B T
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fggzg CHINA INSTITUTE OF ATOMIC ENERGY ) Where and When

Neutron distribution inside the phantom:
» energy

» time

» lateral distribution

\ &

2.23 MeV Gamma from the phantom:

» Where
150 MeV proton to water phantom > When

with 7 layers ranging from a radii of
2cmto 14 cm

: it -
mi—*"‘

£ :
—W L . . e Iy
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gz nEEZeRsmER 3 Neutron & Gamma Distributions

fggz CHINA INSTITUTE OF ATOMIC ENERGY - /Where and When
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g neutron and other secondary particles require a short time
0.01 ket it to travel in the lateral direction in the water phantom;
» 10nsis TOF window to select 2.23 MeV gamma.
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lggz CHINA INSTITUTE OF ATOMIC ENERGY - /Where and When
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» Layer 1-4 >10 MeV proton has similar PGs
» Layer 5 at distal fall off region PGs decreases obviously.
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8,3 NEEZENSHEE 4FLUKA Simulations and Results

lggs CHINA INSTITUTE OF ATOMIC ENERGY ] /Elements and Density

Molar PGS
O hydrocarbons: C, HC, H,C, H5C, ..., Hy,C
O hydroxygens: 0, HO, H,0, H3O0, ..., H,,0

Sample Materials x

O PMMA (CsHg0,), 1.18 g/cm3
O pentanediol (CsH,,0,) 0.9939 g/cm3
O ethanediol (C,H0,).1.1088 g/cm3

PMMA: C5HgO, Pentanediol: C5H1,0, Ethanediol: C,Hg0,

» molar PGS for carbon and oxygen
range mass

» molar PGS for hydrogen

target mass

TtV reing I

g
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» .IIS;::-; o a'a " " :
‘ 1"‘;‘-'. s--»‘;'n‘

-

luclear Corporation



8,3 NEEFERNSIWEE 4 FLUKA Simulations and Results

[ggﬁ CHINA INSTITUTE OF ATOMIC ENERGY Elements and Density
PGS spectra Molar PGS spectra
from combinations of carbon and hydrogen from combinations of carbon and hydrogen

divided by the molecular
molar amount |
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B Characteristic gamma lines from carbon ® Characteristic gamma lines from carbon

decrease W|th an increaSing numbel’ Of come to the same |eve| in molar PGS
hydrogen atoms,

B while 2.23 MeV gamma lines increase as @ except at energy of approximately 2.23 1|
the number of hydrogen atoms increases. MeV -
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8,3 NEEFERNSIHEE 4 FLUKA Simulations and Results
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Extract peak gamma lines (2.00 MeV, 2.23 MeV, 2.88 MeV, 4.44 MeV and 6.12 MeV)
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v' 2.00 MeV, 2.88 MeV, 4.44 MeV and 6.12 MeV counts have a linear relationship with
carbon concentration, which has been confirmed by experiments
v’ 2.23 MeV is non-linear
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fggz CHINA INSTITUTE OF ATOMIC ENERGY , Elements and Density

Full energy PGS spectra of PMMA (CsHg O, in dark), ethanediol (C,Hg0, in green) and
pentanediol (CsH,,0, in blue)

_lpJ]C-_ ________________________ L __'__: i 1 i 1 i 1 i 1 i | ' | ' | ' | ' |
- ' |—— C5H802 MC PGS
l/)2_ ________________________ 4 _|==—_C2HB02 MC PGS * 10
X . C5H1202 MC PGS * 0.1 ]
3 10 F | | s 5802 Peak Point E
B = 1/Jx ........................ [ - -~ ¥_ 1 & _C2HGO2Peak, Point * 10
. | # (C5H1202 Peak Point #* 0.1
= [ 1
3 =
g = F
: o i
T
a s
> Low: low-energy peaks from £ 0.1¢
1.5~4 MeV. A
: L
_ _ £ 0.01
» High: high-energy peaks from 3 :
4~7 MeV. :
0.001
» Medium-High: peaks of L
medium energy 2 MeV to high 1.5 2.0 25 3.0 3.5 40 45 50 55 6.0 65 7.0
energy 7 MeV. Energy [MeV] ‘
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[255 CHINA INSTITUTE OF ATOMIC ENERGY Elements and Density
CsHgO, group | Mc Mo Mc/Mo Mc/Mo
[mol] [mol] relative error
All 10.1522 4.2419 2.3933 4.27%
Low 10.1350 4.2509 2.3842 4.63%
High 10.2351 4.2068 2.4330 2.68%
Medium-High 10.3469 4.1066 2.5196 0.78% R
CsH,,0, group | Mc Mo Mc/Mo Mc/Mo Medium- and h|gh_
[mol] [mol] relative error energy points are
All 9.2649 4.0280 2.3001 7.99% preferred for the
Low 9.1582 4.0814 2.2439 10.24% numerical solution as
High 9.7719 3.8373 | 2.5466 1.86% these  characteristic
Medium-High | 9.5617 3.9140 | 2.4430 2.28% gamma lines are
C,HgO0, group | Mc Mo Mc/Mo Mc/Mo more distinct
[mol] [mol] relative error
All 6.3268 6.6354 0.9535 4.65%
Low 6.1875 6.6743 0.9271 7.29% z
High 6.8350 6.7923 1.0063 0.63% -
Medium-High 6.6864 6.7517 0.9903 0.97% ¢

China National Nuclear Corporation ==
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MIEME cHINA INSTITUTE OF ATOMIC ENERGY
CNNC

Elements and Density

Sample material | Variable PGSPA result | MC setup | Relative error
value
M, [mol] 4.1066 4.1519 1.09%
PMMA M, [mol] 10.3469 10.3798 0.32%
M I 20. 21.352 52%
1/)%'52,3802:0.0349 y [mol] 0.6003 3528 3.52%
Sample Mass [g] | 210.4682 207.5964 | 1.38%
Density [g/cm?] | 1.17 1.18 1.38%
M, [mol] 3.8373 3.7901 1.24%
_ M, [mol] 9.7719 9.4754 3.13%
" M I 20.4229 22.7409 10.19%
m : : :
w22, =0.0365 | MOl :
Sample Mass [g] | 199.0820 197.0877 1.01%
Density [g/cm?] | 1.0040 0.99 1.01%
M, [mol] 6.7923 6.5758 3.29%
_ M. [mol] 6.8350 6.5758 3.94%
S M I 19.8981 19.7273 0.87%
w223, =0.0377 |- MmOl ' ' 87%
Sample Mass [g] | 210.5943 203.8484 | 3.31%
Density [g/cm?] | 1.1455 1.11 3.31%

a

: N N C China National Nuclear Corporation | e R

Although  high atom
number of hydrogen, but
it has much lower weight
than carbon and oxygen
in  materials.  Thus,
density error IS
dominated by carbon
and oxygen.
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fggz CHINA INSTITUTE OF ATOMIC ENERGY , Elements and Density

T T

n PMVA MC | n —— PMA MC | ]
Eob HOC[/mol] |3 e e s S e LT HOC[/mo1]

e HOOL/mol] | ] i - HOO[/mol]

—— PMMA PGSRA]| ] /-\ —— PMMA PGSRA
E . J \\/,A\ / ’ :

0.18

0.01 F

Count/primary/cm’/MeV

Count/primary/cm’/MeV

0.001 Eve 0.001 F—
ES E
1E-4 % o o
L 2 3 4 5 6 7 8 9 10 1.8 1.9 2.0 2 1 2.2 283 2.4 295

Energy [MeV] Energy [MeV]

& Peak at 6.1 MeV shows a small deviation from the MC curve.
€ 2.23MeV shows a small deviation from the MC curve
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gz DEBEFENZHEE 5 2 Summary and Discussion

[ggﬁ CHINA INSTITUTE OF ATOMIC ENERGY Experiment considerations

For a laboratory test, there are some suggestions:

1) Detectors must have a good energy resolution, such as LaBr3, HPGe, resolution
could be 3.3%.

2) Detectors must have a good time resolution of approximately 5 ns to distinguish
the 2.23 MeV gamma-derived layer as a clinical target, which is approximately
30 cm in the lateral direction.

3) To obtain the molar PGS spectra, simple substances must be prepared, such as
hydrocarbons and water.

4) The target should be a slender cylinder, and the beam range should be smaller
than the target length.

E N N E China National Nuclear Corporation
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Thanks for your attention
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