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1 GeV proton synchrocyclotron SC-1000 of the PNPI
(in operation since 1970)
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Synchrocyclotron SC-1000

Proton energy 1 GeV

Internal proton beam current 3 A

Repetition rate 40–60 Hz



1. “Final” orbit of 1-GeV protons 2. Electrostatic deflector plates
3. Neutron-producing target 4. Proton bunch
5. Power supply and deflector control unit 6. Neutron beam axis
7. Direction of the tangent to the proton orbit
8. Direction of the beam axis of protons extracted from the accelerator for external beams
9. Direction of the magnetic field in the accelerator

Schematic diagram of the pulsed neutron source GNEIS 



Pulsed neutron source
Average fast neutron intensity 3 1014 n/s
Duration of fast neutron pulse ~ 10 ns
Repetition rate 50 Hz
Neutron energy range Thermal – 1000 MeV
Type of neutron spectrum 
Beam #1-4   (En < 0.1 MeV) 1/E , =0.75-0.95

Type of neutron spectrum 
Beam #5   (En > 0.1 MeV) “spallation”

Water-cooled
Lead Target

Polyethylene
Moderator



Water-cooled lead target of the GNEIS neutron source

Lead target

Servomotor 
control driver

Lead Target
40 x 20 x 5 cm3

Water-cooled



Polyethylene moderator of the GNEIS neutron source 

Polyethylene
moderator

Servomotor
control driver

Moderator
30x10x5 cm3

Polyethylene



GNEIS  NEUTRON TOF-SPECTROMETER (since 1975)
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Description of the GNEIS neutron source and TOF-spectrometer
NIM  A242 (1985) 121-133



4 total neutron yield from 
bombardment of lead target with protons 

Neutron spectrum for Pb-target :
Ø15cm, length 30cm, Ep = 800 MeV

G. Bartholomew, ICANS-V (1981) J. Carpenter, NIM (1977)

Evaporation
component

isotropic
<En> = 1- 3 MeV

Cascade component
peaked forward, 

En pEp = 1 GeV

~3·1014 n/s
(3 A, 20 n/p)
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Non-moderated neutron spectrum of the GNEIS

Spectrum main features:
1-10 MeV           - 57%
10-100 MeV       - 28 %
100-1000 MeV   - 15 %

-------------------------------------
Total: 4 x 105 n / cm2 / sec

Measurement: beam #5,  36.5 m flight path,  1014n/s neutron yield, neutron 
detector – fission ionization chamber with 235U target



Moderated neutron spectra of the GNEIS 

Measurement: beam #3, 40m flight path,   1014 n/s  average neutron yield, 
neutron detector – 10B radiator + NaI(Tl) detector

Spectrum shape: F(E) ~ E



Energy resolution  of the TOF- spectrometer GNEIS 

Calculation parameters: 40m flight path length, 5cm thick PE-moderator
10ns fast neutron pulse width 





QUALITY CRITERION USED FOR COMPARISON 
OF THE PULSED NEUTRON SOURCES AND TOF-FACILITIES  

For two TOF-facilities F1 and F2:
- having pulsed neutron sources with similar spectra,
- average neutron intensities <In>1 and <In>2,
- neutron pulse widths t1 and t2,
- flight path lengths L1 and L2,
- in a case of equal energy resolution, i.e. 
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COMPARISON  OF THE NEUTRON SOURCE GNEIS 
WITH OTHER TOF FACILITIES

Neutron source
(laboratory) 

<In>, 
1015 n/s

t,
ns

Q,
1030 n/s³

Number of instruments for 
nuclear physics experiments  

ORELA (ORNL, USA) 0.13 2-30 0.14*) 5 (total, partial cross sections)

GELINA ( IRMM, Belgium) 0.025 1 25 5 (total, partial cross sections)

LANSCE (LANL, USA) 10 1-125 0.64*) 8 (total, partial cross sections)
+ ICE House test facility

n_TOF (CERN, Switzerland) 0.4 10 4 6 (total, capture, fission, 
scattering,(n, ))

IREN (JINR, Dubna, project) 1.0 400 0.0062
3 (total, partial cross sections)

GNEIS (PNPI, Gatchina) 0.3 10 3 3 (total, capture, fission)
+ ISNP/GNEIS test facility 

<In> - average intensity of neutrons emitted in 4 solid angle
t     - neutron pulse width

Q = <In> /( t)2 - quality coefficient of the neutron source
*)     - present value corresponds  to maximum pulse width



EXPERIMENTAL INVESTIGATIONS OF THE (n, f) - REACTION

Soviet Journal of Particles and Nuclei, 21 (2), March-April 1990, p.177  



Target-nucleus

Fission

Compound nucleus

Fission

Fission

Transition 
states

S-neutron

Scheme of the (n, f)-reaction



TOF-spectrum for fission fragments of 239Pu

Data of a 4.5h run, 80ns channel width.  Total weight of 239Pu in fission chamber  - 0.8 g.
Fission -ray spectra were measured  for resonances R1, R2, …, R5. 



Variations of fission -ray multiplicity in resonances of 235U and 239Pu 
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Prefission -ray spectrum from (n, f)-reaction for 239Pu.





As a result of interference of s- and p-resonances, in a vicinity of p-resonance it is 
observed  a following angular distribution of fission fragments: 

In a case of simple two-level approximation :

where: pn and pf – neutron and light fragment moments, respectively;

- spin-factor;  sp – phase difference;

- neutron and fission widths for s- and p-resonances, respectively. 
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The electric polarizability n is one of the characteristics of the
neutron as an elementary particle and determines the induced
electric dipole moment d in the external electric field E:

d = n E.

In Coulomb field, the interaction potential due to neutron
electric polarizability n is given by

V = - 1/2 n Z2 e2 / r4

and it adds to the neutron-nucleus interaction potential. That leads 
to several additional terms in the total cross section. A main term 
has linear dependence on k (or ), where k is the wave number:

p 10-4
n En barn,

here n is in 10-3 Fm3 units, En is in eV.



General layout of the spectrometer GNEIS and 
experimental arrangement for transmission measurements



TOF-spectrum for neutron transmission of 206Pb
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Fitting results for 208Pb

2/d.f. = 2.5

n = (2.4 ± -3 fm3

ane = - (1.78 ± -3 fm

100 101 102 103 104

11,2

11,4

11,6

11,8

t, b
n

Neutron energy, eV



Measurement of the neutron-induced fission cross 
sections of 233U, 238U, 232Th, 237Np,

239Pu, 240Pu, 243Am, natPb, natW and 209Bi relative to 235U
in the energy range 1-200 MeV

1 Petersburg Nuclear Physics Institute, Russia
2 V.G. Khlopin Radium Institute, Russia
3 A.F. Ioffe Physico-Technical Institute, Russia
4 Radiation Physics and Chemistry Institute, Belarus
5 Nuclear Data Center/JAERI, Japan
6 Los Alamos National Laboratory, USA





Measurements of the fission cross sections 
at intermediate neutron energies 1 – 200 MeV



FISSION CROSS SECTION OF 237Np - GNEIS (2001)



FISSION CROSS SECTIONS OF 233U and 238U - GNEIS (2001)



FISSION CROSS SECTIONS OF 232Th and 239Pu  - GNEIS (2001)
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FISSION CROSS SECTION OF 209Bi  - GNEIS (2001)
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Measurement of the fission fragment distributions and anisotropy 
in neutron-induced fission  at intermediate energies 1-200 MeV (2014-2016)

Experimental setup

Motivation

Data on angular distributions of fission fragments are needed for development of nuclear fission theory,
for processing of the experimental data on fission cross sections and development of evaluated nuclear data
libraries at intermediate and high energies which are necessary for construction of modern power and research
nuclear facilities (reactors, accelerators, etc.).

At present, experimental data on fission fragment angular distributions (anisotropy) in the energy range
En> 20 MeV are very scarce and limited in accuracy, and practically absent for En> 100 MeV.

Neutron
Beam

FIC-
Monitor MWPC

MWPC-Detector



Measurement of the fission fragment distributions and anisotropy 
in neutron-induced fission  at intermediate energies 1-200 MeV

Cos 



Anisotropy of 235U fission fragments



Anisotropy of 235U fission fragments



Anisotropy of 235U fission fragments



Anisotropy of 235U fission fragments



Anisotropy of 235U fission fragments

Above 50 MeV there is disagreement between these results and those recently
obtained by Kleinrath (WNR, LANSCE) and Leal-Cidoncha et.al (n_TOF, CERN).



Anisotropy of 238U fission fragments



Anisotropy of 238U fission fragments



Anisotropy of 238U fission fragments



Anisotropy of 238U fission fragments

Above 20 MeV the uncertainties of our data are much smaller than those
presented by Ryzhov et.al (TSL, Uppsala) and Leong, Leal-Cidoncha et.al
(n_TOF, CERN).



Anisotropy of 232Th fission fragments



Anisotropy of 232Th fission fragments



Anisotropy of 232Th fission fragments

Above 40 MeV our data agree with results given by Leong (n_TOF, CERN) and
differ substantially from the data presented by Ryzhov et.al (TSL, Uppsala) and
Tarrio et.al (n_TOF, CERN).



Anisotropy of 233U fission fragments

Presently, there is only our data in the neutron energy range above 24 MeV.



Anisotropy of 209Bi fission fragments

There is no other data except our data. Our data agree with previous result by
Eismont et.al (RI+TSL) at 75 MeV.
There is a maximum of the anisotropy at ~50 MeV equal to ~1.6 followed by
descend with increasing neutron energy. At 200 MeV the anisotropy is about
1.2.



Neutron test facility at the GeV synchrocyclotron
of  PNPI  for radiation resistance testing of

avionic and space  electronics



IS SC - 1000 IS OP - 1000 ISNP/GNEIS
Conditions Atmosphere Atmosphere Atmosphere
Particles Protons Protons Neutrons
Energy, MeV 1000 60 - 1000 1 - 1000
Flux, particles/cm2·s 105 - 108 105 - 108 5

Irradiation area, mm Ø 50 – 100
Uniformity, % 10 10 10
Status In operation

(1998)
In operation

(2015)
In operation

(2010)

ROSCOSMOS Test Facilities of the Branch of Joint Stock Company 
“United Rocket and Space Corporation” -

Institute of Space Device Engineering (Moscow)
at

B.P. Konstantinov  Petersburg Nuclear Physics Institute (Gatchina)
of the National Research Center  “Kurchatov Institute”



Location of equipment
under test

TESTING OF ELECTRONIC EQUIPMENT AT THE PNPI
PROTON AND NEUTRON BEAMS

Proton testing site

SC main room

SC experimental hall

Y

X
Location of equipment

under test

Location of equipment
under test

Collimator

Neutron testing site

SC main
room

GNEIS Building

Experimental
AreaLaboratory

Neutron 
flight
tubes

Internal neutron-producing
target

Collimators



NEUTRON-INDUCED SOFT ERROR TESTING 
of Electronic Components Used for

Terrestrial, Avionic and Space Equipment

What are Single Event Effects and why are they important?

Single Event Effects are created when an energetic particle 
(proton, neutron, alpha, heavy ion) generates enough charge 
(so-called critical charge) to upset the function of  integrated circuit
Single Event Effect – SEE -



NEUTRON COMPONENT OF COSMIC RAYS

11 km

Sea Level

85% - Protons
13% - Alpha’s
2%   - Others



NEUTRON COMPONENT OF COSMIC RAYS

1000 Feet = 304.8 m 



.

INTERNATIONAL STANDARD (by JEDEC)

(Electronics Industries 
Alliance)
Electronics Industries Association. 

RS (Recommended 
Standards).

- RS-232C.

(Joint 
Electronic Device Engineering Council -
JEDEC).

JEDEC 

JEDEC



JESD89A  (2006) 
STANDARD TERRESTRIAL NEUTRON SPECTRUM

7 n/cm²hr
13 n/cm²hr



AVIONIC NEUTRON SPECTRUM AT 12 Km







IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 63, NO. 4,  AUGUST 2016                                                           2152



General View of the GNEIS and ISNP/GNEIS Test Facility 

ISNP

ISNP
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How to Compare Various Broad Neutron Spectrum
Test Facilities?  

acc(E)  - differential neutron flux from the test facility

jedec/iec(E) – differential terrestrial (standard) neutron flux



Facility (location, particle energy,   
target material)

Acceleration    
factor*)

ISNP/GNEIS (PNPI, Gatchina, 
Russia, 1000 MeV, lead )

7

LANSCE (Ice House, Los Alamos, 
USA, 800 MeV, tungsten)

8

ANITA (TSL, Uppsala, Sweden, 
180 MeV, tungsten)

8

RCNP (Osaka University, Japan, 
400 MeV, lead)

8

TRIUMF (NIF, UBC, Vancouver, 
Canada, 500 MeV, aluminum)

8

ISIS (VESUVIO, RAL, Chilton, UK, 
800 MeV, tungsten/tantalum)

7

Acceleration Factors of Broad Neutron Spectrum Facilities

*)Exact  acceleration factor vary due to tuning of the accelerator facility 



Devices Used at the PNPI Test facility for 
Characterization of the Neutron Beam 

Neutron
Beam

FIC-Monitor MWPC-Profile meter



Internal structure of the neutron beam  monitor 
FIC  with U-235 and U-238 targets

Teflon 
Spacers

Anode/Cathode
Foils

Flange

HF feedthrough 
Connector

Teflon Rod

Targets: Ø130mm
Double-sided

Al-backing, 0.1 mm
Spacing 3mm

U235, 0.25 mg/cm2

U238, 0.46 mg/cm2

HV : 300-400V
Neutron detection 
Efficiency: 7·10-7



MWPC – Neutron  beam  profile meter
(position sensitive MultiWire Proportional  Counter)

Anodes: 140 gilded W-wires, Ø25 m, 1 mm step
on 3mm thick fiberglass plastic frame
Cathode: 150 g/cm2 thick 238U converter on 
aluminized 2 g thick Mylar film
Working Gas: isobutene (iC4H10), 6-7 rr
Data read-out: delay lines, 2 ns/step

Size: 140 x 140 mm2

Neutron detection efficiency: 3·10-7

Spatial resolution:
2 mm < FWHM < 4 mm
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FIC- Neutron
Monitor

MWPC- Beam
Profilometer

DUT- positioning
and heating

START-
Detector

Neutron Testing Facility ISNP/GNEIS (2015)



Remote 
Control Unit

Chamber

Heater

Cross Slide

Temperature
Sensor

X - Axis
Driver

Y- Axis Driver

System for DUT (Device Under Test) Positioning and Heating

DUT enclosed  in the 
Heating Chamber can be:

- heated, temperature range
200C – 1300C

- max. heating / cooling time 
300 sec (closed chamber)

600 sec (upper cover removed)

- moved along X-Y axes,
max. displacement range

200 mm

- max. DUT dimensions
150 mm x 150 mm

- Distant Computer control



FIC-monitor MWPC-profile meter DUT’s START-Detector

Neutron Testing Facility at GNEIS (October, 2015)



Device type
Process

(nm)
Size
(bit)

Fluence*)

(n/cm2)
seu

(cm2 / bit)
CY7C1021BN - 15ZSXE 250 1 M 9 2.3 10-14

CY62256NLL - 55SNXI 90 256 K 9 1.5 10-14

UT6264CPCL - 70LL 350 64 K 1.7 10 3.3 -14

CY61248ELL - 45ZSXA 90 4 M 1.0 9 2.3 10-13

CY7C1049CV33 - 12ZSXA 150 4 M 5.0 8 2.0 10-14

CY7C1049DV33 - 10ZSXI 90 4 M 8 7.9 -15

Example of the tests of 6 types of commercial Cypress 
SRAMs carried out at the  ISNP/GNEIS facility 

*) Data presented correspond to neutron fluence in the energy range   
10-1000 MeV
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SUMMARY

- pulsed spallation  neutron source / TOF-spectrometer  GNEIS 
based on  the 1 GeV proton synchrocyclotron  of PNPI after more 
than 40 years of operation still is a powerful neutron facility suitable
for high-level investigations in basic nuclear physics and applied 
research;

- high  average neutron intensity of 3·1014 n/s and short neutron 
pulse  of 10 ns  enable to carry out  neutron TOF- measurements 
in a wide energy range from thermal up to hundreds MeV and high 
energy resolution;

- unique neutron testing facility ISNP/GNEIS  with atmospheric-like 
neutron  spectrum  in the energy range 1-1000 MeV  and neutron 
flux of 4·105 n/cm2·sec  enables to carry out accelerated  SEE-tests 
of electronic components used in space and avionic equipment;

- GNEIS facility is open for cooperative research for users both 
from Russia  and abroad.



Welcome to ISNP/GNEIS in Gatchina!Welcome to GNEIS in Gatchina!



Thank you very much for attention!
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