
j=σT4 Jožef Stefan Institute

Particle-Induced X-ray Emission Spectrometry (PIXE)

Primož Pelicon

Jožef Stefan Institute, Jamova 39, SI-1000, Ljubljana, Slovenia 



j=σT4 Jožef Stefan Institute

Outline

1. Physics of PIXE: ionization, characteristic X-ray emission

2.  X-ray detection: Si(Li), SDD

3. PIXE applications 

4. Future of PIXE

5. Example(s)



j=σT4 Jožef Stefan Institute

PIXE – Proton (Particle?) Induced X-ray Emmision

proton

Ejected 

electron

Characteristic X-ray 

photon 
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X-RAY DATA BOOKLET

Center for X-ray Optics and Advanced Light Source

Lawrence Berkeley National Laboratory
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X-RAY DATA BOOKLET

Center for X-ray Optics and Advanced 

Light Source

Lawrence Berkeley National Laboratory

Look at the file xdb.pdf
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Number of characteristic 

X-rays detected in a thin slice 

with thickness of dz:            

z

z

z
dz



j=σT4 Jožef Stefan Institute

X-ray yield of a thick target:

More reading: Johansson, Campbell, Malmqvist, Particle-

Induced X-ray Emission Spectrometry (PIXE), Wiley



j=σT4 Jožef Stefan Institute



j=σT4 Jožef Stefan Institute

2.  X-ray detection: Si(Li), SDD
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PIXE measuring station: Two Si(Li) detectors for soft and hard 

X-rays and silicon detector for backscattered particles; automatic 

sample changer, automatic dose control and acquisition (16 samples)
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Efficiency of X-ray detector 

The example of Si(Li) X-ray detector

It is very important to obtain every possible 

information on the detector from the manufacturer:

Thickness of the vacuum window

Electric contacts

Dead layers

Internal collimator composition: parasitic peaks ?

Water layer ?
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X-ray transmission calculations:

http://henke.lbl.gov/optical_constants/filter2.html
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Efficiency determination:  Micromatter® thin films

The only serious deviation here: Titanium. Getter material, quartz 

balance yields wrong (too high Ti content)
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2.  X-ray detection: Si(Li), SDD



j=σT4 Jožef Stefan Institute

Silicon Drift Detector (SDD)



j=σT4 Jožef Stefan Institute



j=σT4 Jožef Stefan Institute

Open a drawing of UHV-compatible SDD 

(pdf file)
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Maia detector, 

Siddons et al, 

Jour. of Physics: Conf. Ser.

499 (2014) 012001

Large solid angle, extremely 

high count rates
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3. PIXE applications 
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High-brightness

H- source: multicusp

He4, He3

Tandem ion accelerator at JSI:

Microbeam: 

protons from multicusp: PIXE, PBW
35Cl from sputter source : MeV SIMS
7Li from sputter source: ERDA
3He from duoplasmatron/Li exchange kanal: NRA (deuterium

detection) for fusion
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D F D

F D F

80 µm x 25 μm 1 mm x 1 mm

1 μm x 1 μm

Horizontal plane

Vertical plane

Object  slit

Deflecting coils

Collimating 

slit
Magnetic 

Quadrupole triplet

Target

Ion microbeam :
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Beam

On-off axis STIM

0.4 µm Al 

SDD,30 mm2,

Peltier-cooled,

UTW+1 µm Al mylar 

0.5 keV-7 keV

HpGe X-Ray, 95 mm2

25 µm Be + 100 µm kapton

(4 keV-30 keV)

Scanning
coils

Chopper

Electron spraying

RBS

Collimating 

slits

OM Q-lens

TOF 

MeV SIMS

cold finger 

attached to the 

sample holder        

(-160 ºC)

HpGe 

gamma

for PIGE
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Nuclear microprobe at JSI
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4μm

2μm
1μm

Ti K PIXE maps recorded with 200 pA of 3 MeV proton beam at the 3 μm cross-like 

structure, carved with FIB in thin Ti (60 nm) layer on Si. Beam FWHM equals 600 x 

700 nm2 @ 200 pA. (Vavpetič et al, NIM B 2017)

16 x 16 μm2 10 x 10 μm2 5 x 5 μm2

High current mode performance of JSI microprobe with 3 MeV proton beam
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600 x 700 nm2 @ 200 pA, 3 MeV
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Optical and electron microscopy: basic tools in biomedical sciences

Cross-section of plant leaf

Human Dendritic Cells

There is a need for chemical information beyond the structural, optical 

density and color information of tissue/cells:

elemental composition, chemical composition. What can we physicists do at this field 

in an imaging mode ?
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1. Introduction

Elemental mapping of biological tissues has been identified in the early 

days of nuclear microprobe developments as one of the most 

promising applications of high-energy focused ion beams. Micro-PIXE 

approx. 1000-times more sensitive than EDX on electron microscopes

PIXE vs EDX                                
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Sample preparation

freeze-drying

embedding the tissue in a 

drop of bidistilled water

cryo-sectioning

mounting the samples 

between two layers of

Pioloform foil on 

aluminium holders

Cutting the tissue with a 

stainless steel razor blade

Rapid freezing

Liquid N2

propane

embedding the tissue in 

tissue freezing medium

(needle or Al foil beds)

Schneider et al, IJ PIXE 12, 101 (2002).
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Parallel acquisition of five spectra in a list mode (OmDaq)

PIXE iGe, high energy X-rays PIXE Si(Li), low energy X-rays 

On-off axis STIM RBS Chopper RBS 
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STIM  energy slices from lower (thick) to higher  (thin)  transmitted energy

PIXE maps accumulated, OmDAQ, Proton energy 2.5 MeV, overnight

Mg

Mn

CaKClSP

ZnFe

2
2
0
0
 µ

m
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Micro-PIXE is very suitable to determine the quantity and the 

distribution of minerals in the grains of cereals 

Uptake of soil minerals by wheat:

elemental distribution in wheat grain
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P

Zoom on aleurone 

layer (115 x 115 µm2)

1h 45 min

2
2
0
0
 µ

m
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Cross section of wheat grain 

(Singh et al, Jour. Exp. Bot. 2013, Pongrac et al, Jour.Royal Soc.Interf. 2013)

Mn Zn

Mg K Fe
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Al

World tea production takes place mostly on tropical soils that are rich in 

oxides of iron and aluminium. Tea is an aluminium accumulator, certain species 

have been found to contain extremely high tissue sample levels of 

aluminium. A typical plant will contain three parts per million of aluminium, 

whereas old leaves in certain species of tea may contain up to 

30,000 parts per million. Epidermal cells exhibit increased concentrations, 

demonstrated already by EDX by Matsumoto et al. 1976.

Tea (Camelia sinensis)
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Example (1) - Al in tea leaves

(Camellia sinensis)

In the cooperation with Roser Tolra (ok kod???), SPIRIT TNA 001
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Al uptake in tea 

(camelia sinesis)

Al

Work done within 7th FP EU project SPIRIT TNA 001, 

collab. R. Tolra, Autonomous university of Barcelona
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Capabilities of micro-PIXE:

elemental inventory in individual cells

(picogram sensitivity, quantification)
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Human Dendritic Cells grown on gelatin coated, 1 µm thick Mylar foils, 

exposed to a solution of gold nanoparticles

Micro-PIXE on individually grown cells: nanomedicine
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Micro-PIXE:

Determination of mass of particular element

in individual cells, precision 1 pg (10-12 g): 

nanotoxicology, nanomedicine, pharmacy. 

Example: Uptake of Au 

nanoparticles 

in human cells

Tomić et al, Plos One 2014

Cell 2:

( 3.3  ± 0.5 ) pg K

( 21.1   ± 2.5 ) pg Au
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Review paper:

Elemental analysis of proteins by microPIXE

Elspeth F. Garman, Geoffrey W. Grime, 

Progr. Biophys. Molec. Biol. 89 (2005) 173–205.

„The compelling advantage of this method is that the sulphur atoms in 

the methionines and cysteines of the protein provide an internal calibration 

of the number of protein molecules present so that systematic errors are 

minimised and the technique is entirely internally self-consistent.“
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Sample preparation

Al holder (0.5 mm thick aluminium)

100 nm thick pioloform foil suspended over

circular hole 8 mm in diameter

Droplet of protein solution ( 0.3 µL) applied,

leave to dry, another droplet (0.3 µL) applied,

leave to dry
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2000 x 2000 µm2

Au Lα S K
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Dry protein thickness? 

Maximum energy loss 100 keV at 3 MeV,

Equivalent of approx. 7 micrometers of 

polymer matrix (i.e. kapton)

Intermediate thickness sample treatment in Gupix

Exit energy given, matrix described in first iteration 

as C400H620N100O120, in second Au and S added

Pioloform
Protein: thickest

layer

On-off axis STIM
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24 modified trap rings in a cage

Each ring contains 

11 monomeres with 

1 cisteine and 1 methionine.

So each ring containes 

24 x 11 x 2  = 528 

suphur atoms. 

Five neigbours are involved in binding 

to a selected ring by alltogether 

10 thiols, one thiol remains unused.

Thus the S:Au ratio would be in this 

case   528/120 = 4.4

There is 

24 x 10 cisteines that form the thiol 

bonds. If gold is bonded also on the 

eleventh thiol group and not linked 

with another ring, S:Au ratio would be 

in this case   528/144 = 3.7
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4. Future of PIXE



j=σT4 Jožef Stefan Institute

Transition-edge sensor array (TES) (all material on TES from 

the Thesis of Marko Kayhko, University of Jyvaskyla, Finland, 2018)
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5. Examples

Standard Reference Material NIST SRM 1107 “Naval brass”,

Alloy, no invisible components for PIXE (i.e. O, C,N)


