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Neutron-induced
prompt gamma activation analysis
(PGAA or PGNAA)

Physical method: detection of gamma
radiation from a neutron-induced nuclear reaction

* radiative capture (all elements and isotopes)
» fission (actinides)

Active method: sample subjected to neutron
radiation

Non-destructive method: no (or little) residual
radioactivity

Instantaneous method: results appear promptly
Absolute method: no standards needed




1. Physical basis of PGAA




Neutron capture and subsequent beta decay




Basic reaction: Radiative neutron capture

* Most important reaction for slow neutrons
— High cross sections (but vary widely!)
— Simple 1/v behavior (exceptions!)
— Reaction rate ~ amount & time

» Complementary reactions at high/low energies
— Inelastic scattering
— (n,p) etc.
— Low-energy fission




., Various neutrons for use

Ultra cold Very cold Thermal Intermediate

Cold neutro F
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Advanced research reactor with high performance




Capture Cross Sections
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2. Features of PGAA




PGAA properties

Gamma radiation 1s characteristic
— CNErgy =p clements (isotopes)
— Intensity == quantity
complicated gamma spectrum

independent from chemical environment

nondestructive
no sample preparation, sample in any form

extremely different sensitivities
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Reaction Rate

E

R= j N, o(E)®(E)dE

E

min

o - differential cross section (cm?),
@ - flux cm?s! eV
N - number of target nuclides (~ mass)

N=m/MON,

For thermal neutrons

R, =Nyo,D




PGAA analysis

Ry= C, ()

Gy—617

R . - induced activity for a given gamma energy

- number of atoms (~mass of component)
- gamma ray production cross section
G - capture reaction cross section
I, - gamma-ray mntensity

() - neutron flux




HEMICAL COMPOSITION

f the element
nsitivity

eak area
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lar weight

c abundance
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PGAA detection limits

Element Detection Limit [ppm] Sﬂﬂ%

t bl H t - 2-210-1 4002602
stable isotope - 0.007b
= 10-100 134b

atomic weight ' 100-1000 E mml;fg "
° capture " >1000 18.998 204797
o~ scatlering 0 o data =

Cl

357 37 363840°°

39.948

78 80° 82" 83"
8™ 867
83.8
25b
768b

In ‘ ‘ Xe

* 115% 124125 18°129”
113" 115 11)1‘3149'13?:1552"
114.818 131.29
1938 b 239b

262b

Hg
19 198°199"
200°01°202°
04
200.59
3723b
268b

Nd Dy
U7 143" Ug 145 156 158 160°161"°|

1467148 150° 162°°1637°164°°
144.24 162.5

51b 994 b
16.6b 903b

(Pu)
(

244)

10173b
77b




3. PGAA methodology




Neutron Sources

Reactor
— Thermal 25 meV
— Cold 5 meV

Isotopic sources

— Fission (#?Cf) 1-5 MeV
— Alpha (Pu-Be) 4-8 MeV
Generators

— d-D 3 MeV
_d-T 14 MeV

Photoneutron sources




Reactor neutron spectrum
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Fra. 2.1—General features of a reactor neutron spectrum.




Cold and thermal neutron spectra

Wavelength spectra of thermal and cold beams
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Advantages of cold neutron beams

* Higher flux

 c¢very nuclide behaves regularly
— (follows the 1/v-law)

 ¢very nuclide has higher cross section

higher reaction rate
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cility at Budapest
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PGAA system
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NIPS (Neutron Induced Prompt
Gamma Spectroscopy) system
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PGAA sample

20014125 & 23 10pm




BEAM CHOPPER
Li-6 and Gd-coated rotating disks

Gap width: 0.2 -50%
» Variable frequency : 3 — 100 Hz

—

Possible cyclic activation of short-lived isotopes
(Na, F, Sc, Ge, Pd, Ag, In, Er, Hf, W, etc.)



Time of tlight

f}

chopper
detector

gamma radiation

h

Rotating and standing slits




1y Spectroscopy

sing the background
yton-suppression
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BGO \

Compton-suppression system

Ge




pton-suppressed detector
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Counts/Channel
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Composite detectors

Clover Cluster




Analog signal processing chain

H.w

]
I_|H1I
DETECTOR

b

Preamplifier — Spectroscopy Amplifier - ADC — MCA



Digital signal processing

H.\.
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Signal i Digital Signal P T
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Preamplifier — Sampling ADC — DSP — MCA




Parameters of a spectrometer

= Peak shape

Resolution vs. energy and amplifier gain

Time stability

Detector efficiency

Energy nonlinearity




Peak shape

Feturn Setting Fit Advance Report Logbhook Help

s Optimum peak shape

CALIBRATION:

HWidth:
dsa_cl3.set

Energy:
dsa_cl3.set

CORBECTIOHS :
TRY @ 1
CHEOQ- (4=*=3IG):
0.430027
PEAKC(S>: 1

1: 2225.3 kel
6826 cnt

Return 3Setting Fit Advance Report Loghook Help

COND3_CD.LOG
4184-4241 ch

CALIBRATION:

Hidth:
conod_cd.set

Energu:
cono3d_cd.set

CORRECTIODNS
TRY @ 1
CHEO-(4%31G):
3F.66500=2
PEAK(3Y: 1

i: 2224.6 kel
62981 cnt



FWHM analysis

File Zetting Datafet Report Help

121-1408 kel

CHI0: o0.08

COEFFICIENTSE:

A= 0.82165351
+ 0.05035115
B= 0.00197984
e 0.00004914

H=S0RT { A+B=E)»

a
REEOLUTIONLk=U]
E= 1 kel
1.031 = 0.022
E= & kel R o
0% £ (s a : peak broadening
E= 1332.9 kel .
1.860 * 0.008 efféCt Ofelectl"OnlC‘S

in kelV

122 keW <(1.03 = 0.04) kel Eu-132 CHI: 0.3




Range of calibration sources

* N-15

= Cr-51,53,54
» Ti-48

+ Cl-36

* Ga-66

= Co-56

Ra-226

100,000




Efficiency calibration

File Zetting Dataset Calculate Report Help

F2001DEC. EFF

26—10829 kel

CHEO: 1.01

COEFFICIENTS

COD> —13372.971
* 3 .900
1> —1028.433
* Z.279
{22 —221.839
* 1.375
{32 22 .030
* 1.407
Lo ) 713
* . 293
L) . 224
s -156

6D . 648
x . 258

L . 475
. 140

. 643
. 258

26 kel (4.31e-04 % G An—241 CHI: 0.6




on with CYLTRAN
efficiency

(INEEL)

00 10000
(keV)



Comparison of efficiencies
Compton-suppressed mode
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Nonlinearity analysis

File ZX2etting DatasZet Calculate Heport Help

T2-15646 ch

BASELINE MODE: = Measured with 1>2Eu

Optinunm

source and Cl(n,y)

+Max: 1.5888
—HMax: —-1.5888

SLOLLEELTY | 16k ChannEIS

CHI0O: 1.39

= Nonlinear fit of

(2> -147.297

mesl  orthogonal olynomials

(3> 35.837
o 3.106

e = Centred around zero

(32 -13.126
o 1.380

{6 13.240
o 1.427
(7> —4.359
o 1.4%6

(8) 4. 407
- 1.39:2

Y2 ch {-1.4%96 ™ 0.098) ch BaE-133 CHI: 1.6




Nonlinearity
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Return

Zatting

Fit

Advance Report Logbook

Help

PEBEC_267 . MCA

CURSO0R:

11627 CH

13122 CHT 7645.283 kel

[
LT L T L |

e 4

SPECT | LOG

PBEC_267.L0G
11595-11639 ch

CALIBRATION:
Hidth:

manual
Energy:

nanual

CORRECT I ONS :
M98w.LIHN

TRY @ 1
CHEOQS {451 G) :
1.329229

PERKC{Z2>. 1

1: 7647 .9 kel
256936 cnt

BEEREFITS




File Display

CURSO0R:

1

CH

Roi

Ewval

Options Help

6.816 kell

MEL_H&&C . MCA

HCA #1
Tag Ho=9533
HMCAa HMode: PHA+

COLLECTED AT
23:39:27
03-17-2000

ELAFSED TIHE
Live=216721 sec
True=217492 sSec

CALIBRATION:

EHERGY

Unit: kell
EO: 6.1266
El: 0O.&6897

HO HWIDTH

LEMNGTH: 16384 CH
EUH: 10852693
MAX: 674198
MIM: o

DISPLAY
FULL SPECTRUH




File Display Roi Ewval Options Help

EUO_AYYC. MCA

HCA #1
Tag Ho=1421
HMCAa HMode: PHA+

COLLECTED AT
13:49:39
06—-29-1998

ELAFSED TIHE
Live=3699 sec
True=6828 sec

CALIBRATION:

EHERGY

Unit: kell
EO: 1.6578
El: 0. 3455

HO HWIDTH

LEMNGTH: 16384 CH
EUH: 38603635
MAX: 2032606
MIM: o

DISPLAY
FIRET HALF

CURE0OR: 1 CH £2.103 kell




4. Special techniques




Dynamic range
(“A/“B)max / (MA/“B)min ~10°— 10’
e.g. lmgMninlgH,O (~0.1 g H)

1 mg H,O (0.l mgH)in 1 g Mn

Can 1t be improved?




Simultaneous PGAA and NAA
measurement with a chopper

* Beam open * Beam closed

gamma rays
decay gamma rays only decay gamma rays

Usual PGAA spectrum cyclic NAA spectrum




Spectra

— prompt
— decay
— background

Intensity (cps)

THSRAY

‘ i Ul "WN\
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1000 2000 3000 4000 5000 6000
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Elements with decay lines

Na,

F, Sc, Ge, Pd, Ag, In, Er, Hf, W,
Mg, Al, V, Cr, Se, Br, Rh, Dy, Ir,
Ga, Rb, Sn, I, Pr, Nd, Ta, Re,
Mn, Cu, Sr, Cs, Ba, Eu, Lu,

As, Ru, La, Ce, Tb, Ho, Yb, Au,




Background

Reactor Beam Vacuum Chopper Phase Backgound
(cps)
Room background off 0.63
Beam-off background on 1.5
Beam-on background on 4.0
(in vacuum)
Beam background in air
Chopper background in
prompt phase
Chopper background in
decay phase




Prompt and decay spectrum of Ag
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El E (keV)

F 1633
Al 1779
143

147

125

1434

159

1039

198

658

163

185

208

prompt spectrum

rate
1.63(2)
2.62(1)
28(1)
46.8(7)
20.0(2)
9.3(1)
29.6(2)
0.58(2)
82(1)

7.16(15)

157(3)
32(1)
14.6(8)

S/N
1300
2000

200

400

270
1200

200

90
62

53
400
180

decay spectrum

S/N
7000
200,000
40,000

rate
1.63(6)
2.61(1)
29(1)

8.8(4) 41,000

0.55(2) 900

1900
3700

7.3(3)
146(6)

15.4(6)

11,000




RGMIR

Element Half-life = Energy (keV) decay

line o,

(barn)
0.0093(3)
0.233(4)
4.88(10)
5.20(10)
0.0600(12)
1.93(4)
15.8(8)
2.15(9)




Scheme of transmuting *°Tc

211 x10°y

1.6 X ’IO'?;V
90 keV ‘

99Ru
stable

991 keV

939 keV

100R Yy
stable




PGAA on a radioactive target
9Tc chopped beam (n,y) + decay spectra

—— Tc-100 decay (lower curve)
—— Tc-99 neutron capture
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Increase of PGAA sensitivity by coincidence
9.35 mg CoCl,(2H,0) and 22.1 mg of H;,BO,/ ml

100 -
© Boron Hidrogen Boron  |-..... Ungated singles Boron 518 (]
1 backscatter backscatter Compton edge C ompton Suppressed :,rj
" Coinc total P
—J\k_w Coinc (cut:>2230 keV)

Count rate [cps]
o
D
'
I
E

0.01 - '
R :
1159 229 254 277 484 Co
0.001 I I I T T T T
150 200 250 300 350 400 450 500 550

Energy [keV]



Polycapillary neutron lens (NIST). 1763 glass fibres (0.5 mm), each
with 1657 channels (9 um) focus neutrons to 0.5 mm spot.

-~ 125 mMM———————————- . = 50 mm—>




End of Part 1
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