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invention 5 The present invention relates to a nethod

for producing a flux of energetic particles, and a

source of energetic particles to be operated

according to such nethod. The energetic particles can

be e.g. neutrons, ions, electrons, x-rays photons,
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type of neutron source is referred to as a “neutron

tube". In this type of source, a source of ions is

accel er at d, 1 o ehi ]hS energy to strike a target.

Typi cal | yﬁg—&éﬁ@—ﬂ%%lbp—sour ce is used. The target is

@ deut eriTHe Bréseritrinvéntibnl rel8R ©ah mebR@AARN prodacing a flux of
metal substrate, typically rmITybdenum or tungsten.
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t he C%'rgﬂb%%?ﬁw%@ggneut rons through the D-Dor DT

r eatt] on eaction produces 14.1 MV

neut rons. THéenbrdeticqasntities candsbie &5 ndutbndEignsesletwons, x-rays
ut with a cross- section around a hundred tinmes Iovver

thththﬁ6§e0rg@H@FB/IP@§ qi@nsrgethréa‘aﬁleén i.e. a much

O| ower fl ?%&q@&% 519_91% inv Qﬁl&f ore it is generally

preferre ed target in 25 order

t o obt ai nSachhisgbroesyuietgansdurogs of meutrens) are gireddy ikown in the
determ ned by the energy and current of the  beam of
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enbegdded, {,pgi de the target, and the power dissipation

on the target. Alimtation of such neutron tube is

t hat the Inethis dypeobdotircana rsmuece of ions is accelerated to a high

15 energy to strike a target. Typically a Penning ion source is used. The
target is a deuterium D or tritum T chemical embedded in a metal
substrate, typically molybdenum or tungsten. The ions are accelerated to
ca. 100 kV to impact onto the target, producing neutrons through the D-D or
D-T reaction.

20 The D-T reaction produces 14.1 MeV neutrons.

The D-D reaction produces 2.45 MeV neutrons but with a cross-
section around a hundred times lower than those generated by D-T
reaction, i.e. a much lower flux of neutrons.

Therefore it is generally preferred to use a tritium-based target in

25 order to obtain a high neutron flux.

The neutron yield is determined by the energy and current of the
beam of accelerated ions, the amount of deuterium or tritium embedded
inside the target, and the power dissipation on the target.

A limitation of such neutron tube is that the neutron production rate

30 is generally limited to 10E4 to 10ES neutrons from a D-T reaction in a 10

microsecond pulse.



30 is generally limted to 10E4 to 10E5 neutrons from

a DT reaction in a 10 mcrosecond pul se. WO
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current I D of such source is generally in the order

of less than 10 mA. Moreover, access to tritiumis

highly restricted for security reasons, which is of
course a problemfor the conmercial use of such

source. 5 Furthernore, the tritiummterials used in

such sourge are. radioactive nd_t hus require ver .
speci 1o o ectsyofibfl cuifendbaionich, 8, i t8hdigpy in the
al sgrdet oF lead tMah horrgAapect to the duration of their

pul ses. I ndeed, for sonme applications it would be
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15 DeuteronS from an 1 on Source injector are
accglratieh e their pulegs) otron to 9 MeV and then directed

onto a Be taraet to produce neutrons. Such system is .
however |lp@eed: fosome apghcatianscb s be desirple to obtain ultra
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MeV and then directed onto a Be target to produce neutrons. Such system
is however low current, large and complex.

It thus appears that the existing sources for producing pulsed
beams (or more generally fluxes) of particles are associated to some
20 limitations.

Moreover, the existing sources are exposed to an additional
important limitation.

Indeed, the sources which operate on the basis of a pulsed voltage
between two electrodes, in order to accelerate charged particles between
25 the two electrodes, are exposed to a severe limitation imposed by the
Child-Langmuir law.

This law limits the flux of charged particles between the electrodes,
as a consequence of the accumulation of these charged particles between

the electrodes.



This law limts the flux of charged particles between

the el ectrodes, as a consequence of the accunul ation
w@booshexses charged particles between the el ect PODEB200YM37688
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generally referred to as a "space charge" phenonenon.

It constitutes a barrier which limts the operations

of the existing sources. 5 Summary of the invention

An obj ect of the present invention is to provide a

met hod f . generating a pul sed flux of energeti.c »
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met hod, which overcones the above-nenti oned

| i n@Xisin®BBUrces. More specifically, an object of the

invention is to generate a flux of energetic charged

particles having a very high current density during an

sul t ra- shaglimpidrg of tHYinveéation hi gh current density", it

is neant a current density of the order of nmagnitude

of 1 kA R @hiediooé. thesprasentidnyentiarors dp Bfpvide a method for

ar AP 1P RAHBES. e oF e FIaERE; PofitId ' @b, Regurors, fons,

I nvelstiroms,i g-rays peoesral, eete.)f bexwell gzaat salres implédeating such
current density which is higher than the |limt inposed
by MeEhachwhich pygrgames thawborevaemigRedltmiations.
further ' e i,av j S Vi

Hener geti ngé;%Pg‘f’:'f'éeé@oSBc‘Za%. @hﬂhge{h%@d@a'gﬁ% erate a flux of
fi e¢lErdetic .abargep lpaytidle® mavanrg augergi high, current density during an
parti cul ar by being reasonably conpact and
trawgﬁmbpléfse&cor dingly, the invention provides
accor di nggy 6y ﬁtc@r%?ﬁ%ten%itg‘]ﬂ?tt [3oshebft _agﬁif?érﬁtd&%étg of the
pul sed flux of "enérgetic partitcles, conprising the
f ol droler p§reEtgeEdade of il rkA/cait iorgnare.i on pl asna at a first

I r in a.v ch er . o
15e ect Odel'rlwe d%fl%l%gHuorPan aqua-short pulse” is a pulse whose duration is

around a few nanoseconds.

A further object of the invention is to generate a flux of particles
with a current density which is higher than the limit imposed by the Child-
Langmuir law in vacuum.

20 Still a further object of the invention is to provide an energetic
particle source which can be easily fielded, i.e. deployed on various sites,
in particular by being reasonably compact and transportable.

Accordingly, the invention provides according to a first aspect a
method for generating a pulsed flux of energetic particles, comprising the

25  following steps:

- initiating an ion plasma at a first electrode in a vacuum chamber
and allowing said plasma to develop towards a second electrode in said
vacuum chamber,

- at a time at which said ion plasma is in a transitional state with a

30 space distribution of ions or electrons at a distance from said second

electrode, applying between said electrodes a short high voltage pulse so



and allowi ng said plasma to devel op towards a second

el ectrode in said vacuum chanber, - at a tine at
wobkioshi1sas d ion plasma is in a transitional stetEERMDI057688

a 30 space distribution of4ions or electrons at a

di stance from said second electrode, applying between

said el ectrodes a short high voltage pulse so WO

2008/ 012335 PCT/ EP2007/ 057688 4 as to accelerate said

di stributed ions or electrons towards said second

el ectr.ode ereby. a hi.gh-ener flu f charge :
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generate a high-energy flux of charged particles while
150ve$'88§rr??@3’t space charge current linit of a

convent i 0R{bnHECAMITHENBE unit for causing the application of a short high

voltage pulse between said first and second electrodes at a time at which

said ion plasma is in a transitional state in response to the activation of said

plasma ion source by said ion source driver, with a space distribution of

20 ions or electrons at a distance from said second electrode, so as to

accelerate said distributed ions or electrons towards said second electrode

and generate a high-energy flux of charged particles while overcoming the
space charge current limit of a conventional vacuum diode.

Preferred but non-limiting aspects of the present invention are as

25  follows:

* said energetic particles are generated by a beam/target nuclear or
electromagnetic reaction between said accelerated ions or electrons and
said second electrode.

* said second electrode is a semi-transparent grid structure, and said

30 energetic particles are constituted by the plasma ions or electrons

themselves travelling through said second electrode.



Preferred but non-limting aspects of the present
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or electrons and said second electrode. * said second
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said 30 energetic particles are constituted by the
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J Figures 3a to 3c diagrammatically illustrate three embodiments,

which correspond respectively to the generation of three particle types.

Detailed description of preferred embodiments

20 Now referring to the drawings, Figure 1 diagrammatically shows a
source 10 of particles P according to the present invention.

Such particles can be of different types, and some specific
examples will be mentioned when referring to Figures 3a to 3c.

The specific example of a source of neutrons will now be described
25  with reference to Figure 1.

General description of the source

The source 10 as shown in Figure 1 comprises the following main
parts:
J A neutron tube 110 comprising a chamber filled with low pressure
30 gas (by low pressure it is meant here a near-vacuum atmosphere

typically in the range of 1-10 Pa) and containing :



exanples will be nmentioned when referring to Figures

3a to 3c. The specific exanple of a source of neutrons
wodos/onses be described 25 with reference to FPQIVER2007/057688
General description of the @ource The source 10 as

shown in Figure 1 conprises the followng main parts:

A neutron tube 110 conprising a chanber filled with

| ow pressure 30 gas (by low pressure it is neant here

a near-vacuum at nosphere typically in the range of
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15 » an ion source driver 131 connected to the emitting electrode
111 for powering said electrode and allow the initiation of a
plasma in the chamber of neutron tube 110,

v’ a generator 132 of high voltage (HV) electrical pulses
connected to electrodes 111, 112 for establishing a pulsed

20 high voltage (typically 500 kV or more for a neutron source)

therebetween, with the first or second electrode 111 or 112

being kept at a constant voltage (typically grounded) while the

other is subjected to high potential; these high voltage pulses

are generated synchronously with the initiation of the plasma;

25 e A control and monitoring unit 140 which is connected to the pulsed

power unit 130 and to the neutron tube 110 for controlling the various

parameters of the source — and in particular the following parameters :

» gas control (i.e. control of the composition and pressure of the
atmosphere in the neutron tube chamber 110),

30 » high voltage charging (i.e. control of the voltage pulses to be

delivered by the HV pulse generator 132),



20 high voltage (typically 500 kV or nore for a

neutron source) therebetween, with the first or second
web@shinde 111 or 112 being kept at a const anpCrmebPioages7ess

(typically grounded) while the other is subjected to

hi gh potential; these high voltage pulses are

generated synchronously with the initiation of the

pl asma; 25 A control and nonitoring unit 140 which is

connected to the pulsed power unit 130 and to the
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it conprises a set of two el ectrode menbers powere
by areepaasiblent received fromthe ion source driver.

odinent, the plasma is initiated by a

In a second e
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initiation he first electrode 1

1515 1"t natiihe s el ERRBIRRahiS PlAsET a4l X rewrialr of positive

{gsﬁﬁ’ ;Hiergtagge Bé;é{:tﬁiigﬁg gaglgqlé% Qggi'htfi%(te&@f {%‘Iytsgﬁe‘:%bmfélﬂiﬁb%ﬂhe first
electrode 111, the plasma being progressively developed from said first
electrode 111.

The plasma then expands from the first electrode 111, with a

20  plasma temperature of less than 1 eV (1 eV = 11604 °K) and an expansion
velocity typically less than 1 cm/microsecond.

The “transition period” referred to above corresponds to the time
period between the initiation of the plasma and the time where the said
plasma diffuses within the chamber 110 and reaches the second electrode

25 112 according to the plasma initiation and expansion as mentioned above.

At this point, the space between the two electrodes has a high
density of charges (ions and electrons) in the vicinity of the emitting
electrode 111, and a much lower density of charges in the vicinity of the
other electrode 112. This condition is due to the finite expansion velocity of

30 the plasma created at the emitting electrode 111 and the velocity

distribution of the plasma ions and electrons.



el ectrode 111, the plasma being progressively
devel oped fromsaid first electrode 111. The plasm
wo b@s/oespands fromthe first el ectrode 111, w pér/aP2089057688
pl asma tenperature of less g¢han 1 eV (1 eV = 11604 K)
and an expansion velocity typically less than 1
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l'asma. It shoul d be observed here that
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??g‘ rge?nch%?é:eesl erlaét Itlg)e ccharégse ofntlht %lltla?eagnsr% \%/ngggepsolarity is
opposed to the polarity of the target electrode when the latter is powered by
20 the HV pulse. They can be ions or electrons.
These accelerated charges then impact on the target electrode 112,
which in turns produces a beam of energetic particles P.
This production of energetic particles can be obtained through a
variety of processes, as illustrated in Figures 3a-3c, and more particularly:
25 . through a beam target nuclear or electromagnetic reaction,
as illustrated in Figures 3a and 3b, or
« by extracting a flux of ions passing through a grid structure,
as illustrated in Figure 3c.
It has been indicated in the foregoing that the plasma initiation and
30 the acceleration pulse triggering are synchronized. This is performed by the

acceleration pulse following the plasma initiation by a predetermined delay
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112, and fhe g@és‘?ﬁé Wisich %dé"é'd&%e gghﬁﬁgﬁ% htg%_ﬁﬁit?odg ﬁ%ﬁ)ﬁg | Setween

set so that proper conditi ge
di sthei érattiimg electtode tpheaedliké ierget electmdet t121glays an important

eleciirode 111 and the target electrode 112 is . . .
L5obt Q& PErRming ibReragpitiesas fghos ReTHiPns ) ig dntroduction of
gent‘ﬁ'isaéﬂ)é@igaﬁbﬁ, Eértﬁﬁ;]%rﬂlba[grﬁgrﬁﬁg%\ﬁr\%igﬁ@Jiqt%t%s?éﬁiace charge

proper condition is a significant densi

chalingiéged current flow.

Indeed, the space charge phenomenon limits the current in a
vacuum diode to a maximum value that depends only on the diode

20 geometry and the voltage, and this in turn limits the maximum current that
can flow in a vacuum tube operating at moderate power.

The current density is expressed as J « V>%d? where V is the
voltage across the diode and d the distance between the anode and
cathode, in a 1-D planar description.

25 At high pulsed power, when an impulse voltage is applied across
the diode, the current usually rises during the voltage pulse, while the
voltage V measured across the diode simultaneously falls at the same time,
as dictated by the diode impedance Z=V/I of the driving circuit which is
continuously decreasing. At a sufficiently high current level, the voltage

30 across the diode falls to practically zero and the diode has effectively

become a short circuit (i.e. the impedance has collapsed).



having a polarity opposed to the polarity of the

target electrode is already devel oped, but the front
wai@goiz3still at a distance fromthe target ePerEPBU®057688

The pl asma which devel ops doring the transition period

between the emtting electrode 111 and the target

el ectrode 112 plays an inportant 15 role in

overcom ng the space charge limtation nmentioned in

i ntroduction of this specfication, i.e. the

Chi | d- La i r_law which dictates a s e c¢charge .

i tea canatkimpdfinie flgpss, 8t fRslisBEHE EPRE derives from the
pheg@r@ssieht 81 4 Sulfyhgorfdictingtplasa acYessHhe shattean® cathode of
maxi mum val ue that "depends only on the di ode 0

geoiet dipdanavhiefe takes aglniteatione, efined asirthe| trangidon weriod, as
max| ent .can flow in a vacuum tube
opeﬂpgﬂﬂ%ﬂ@é@\[n %O@F%{Oén%omer. The current density is

®Xpr essedB@sriggering3thd/ HY, punberofofel et &d of ehis agmsition period,
across the diode and d the di stance between the anode

andtheclafrgrideharges gan-oe peeaiaraterd deouphitba deysloningipisma, the
pul : ' oLt age. i ' :
Bor SEdaBBEF 4nk 880 ARSE OB ¥ TUEEDR, ipBQBhe ealignse being
t heawsitiédge pul se, while the voltage V neasured

across the diode sinultaneously falls at the sane

tinme, asindihis degeeedy thePlasmacPianpddgntale 2fva | rejgininge barrier
dri yi i ' j j : ' usly decreasing. At

10a s%{ﬁé]ﬁsctfdéﬁgﬂbhﬁﬁgm&tgﬁ?@gﬁﬁpﬁrvghg'the vol t age 30
across t hendhed¢hdrahdrad, ttioe pressriceadfl &y dieteqlasmat(he. the plasma

di ode has ef,feEtivel%// cone a short BI rcuit él e.. o

t heli RIRSERSQN RES NebY vy SPNAVElingog/ e Hade region is sufficient

PCT; R A I-ap o)

1 oCu SNE ERAnadhaipation BPRRARERIERINEE am and to prevent

a fihelfprrostimuot asgapé abargawhidswbbie athedeisamdcuoalif froelbeam of
t he di od whi ch tages a [‘Pi(rggqe ti defi ned as.

of ﬁ :
15 hetHaraRYiRATEHERYFEH0 BE acraifrpiseliroyal RevaUBy sPAign. This
5 BYedtrdI2986h 2dolE80 %té%H'aSSe%fﬁfr?eﬁtrfgr Si’é%élfiné S limit set by
transition period, the target charges can be
acclbedchitcebangmoirgéwt he devel opi ng pl asma, the
obstacl e pf the decr.easing vgl tapae e to i edar.‘{c?
col | apse b ngynchronization “an defay between the Tinitial electrode
discharge and the accelerating pulse thus allows sufficient plasma density
20 to be developed in the diode region, in order to provide charge
neutralization to the accelerated beam of charged particles.

It has been seen that the time of triggering of the accelerating pulse
was determined with respect to the time of initiation of a plasma created by
the first pulse discharge.

25 The duration of the accelerating pulse is also a time parameter of
the source operation, and is limited by the diode closure time.

In a conventional particle source of vacuum diode type, the control
device of the source avoids all possibilities that could lead to an impedance
collapse, and the diode is operated at moderate to high vacuum (less than

30 0.1 Pa).



avoided. In this respect, the plasma plays the role of

a retaining barrier 10 against diffusion of the
webas@ess3st contains. On the other hand, the pPEFEPDO7/057688

of a dilute plasnma (i.e. the plasma in progression

but not yet fully conducting) in the diode region is

sufficient to provide charge neutralization to the

accel erating beamand to prevent the formation of a

space charge, which would otherw se occur if the beam

to

of 15 char,ged par.t.icl es were .be accel erated through

2 vacuum EGT SRECHEAY” T By ERidER SRELETLRLRE $ghe #eam o
a beaifefots’ ehtadcaleraieeadiotd kheiodentd s¥fte Ry tafgee to produce
Chi | d-Langnuir |aw. The synchroni zati on and del ay

bet d@rONshdhe reurieat dspwot inohe digdscadhge limited Iy space charge

dor iy o (B8R e TyRa'D T ALChT e BLRERR hepm with an
s0r dgdceléraphgwoltegs M@0 k\nedtdsal 4 diddeoga of 2hen. In practice, the

accel erated beam of charged particles. It has been .
seePeaRAUriené Uspeds gualy belgetr thiggvalper hpicallydess Htamg mA. This

U iy R AT AR BOREE 1 I o BB gl of 5

di sThemge. EI2btrdhe ChrpatModelofP32te eeteheigehersonuivit 100 kV

is also a tinme paraneter of the source gperation, and.

i's $¢Qﬂ|§r@8n%y’qtﬁ€_€dmﬁi@nﬁﬁb§8?@ £urrgnt Pﬁ_oa1 mA, neutron vyield of
1 COMRERPIPDBhd BN Ghe i idin @ Vaguym di ode type, the

contro device of the source avoids’all possibilities

that coulld treagrésergninveptonte diodd ageeatesndh théow dynamic

diode is operated. a derat e hi gh vacuum (| ess
t hafesgere .afgﬁasyp'qf’féﬁy mpo{l%%_@ RBct EPo007) 057688 11
More specifid Qgééé’as'ébé}aféb‘%ﬁm ‘tr%‘%laﬁﬁé’tihﬂ%tédjgﬁéthe emitting

where a beam euterons is accel erated acros
di oglectrodst endlea aspaoegehatge meothatzed rimam cofsa fdve kA can be

L he G Brione 5/ dRe grieey o B el itage and 1

A cif diGde gageut eron beam with an 5 accel erating
vol tage of “100 kV across a diode gap of 2 cm In
practi ce, Théneduration of the beam (i.e. of the accelerating voltage) is

typically around 10 ns.
In the case of the present invention, substantially higher equivalent
20 fluence rate can be obtained in a single pulse (108 n per pulse of 10 ns
produces an equivalent fluence rate of 10™ n/s). It will be appreciated here
that the principle of operation of the source, where a high-energy flux of
charged particles is produced by the direct application of a ultra-short high
voltage pulse to electrodes between which an ion plasma is in a transitional
25  state, allows to overcome the space charge current limit of a conventional
vacuum diode. For instance, a short pulse (<10 ns), high current (> kA),

high-energy (> 700 keV) charged particle beam can be generated.

Additional description of a preferred embodiment
30 As mentioned above, a source according to a particular

embodiment of the present invention is used for generating an initial beam



beam current used is nuch below this value, typically
less than 1 mA. This I|imts the fluence of neutron
w@eadocsds i n such devices (exanple of a Ther nBCT/EP2007/057688
El ectron, Corp. Mddel P325i1meutron generator, with 100
kV accel erating voltage, maxi mum beam current of 0.1

M\, neutron yield of 10 3x108 n/s and m ni num pul se
width of 2.5 ps.) In the present invention, the diode
operates in a |l ow dynamc pressure range, typically

o 2 el s b RSP S g o veam o
spags&utediay. ge neutral i zed beam of a few kA can be 15

accel erated across the diode gap, with a 500 kV .
accel er atlnnfisverseadbe 4o preseuredatowpsphare offtne ehambeonis made

of I t | erating voltage) is
typﬁ%%ﬁ%&ﬁ@y&@ﬁ“gggfeﬁﬁﬁe case of the present
3 nventi onn Grdes t@ el gblettohisgheve eslucEah enpublZdentikgiinent, it is
rate can be obtained in a single pulse (108 n per

pul @esikable donavoigrayuces anradjoaciivees Amaterialenibe Pagicelast for the

101t%r tsglectl'édé’vi Il be appreciated here that the
princty pl e or operation of the source, where a

hi gh- ener\gthf thax cohceehar gead paaturall Ithiuns canoskicetbdiyd as the
the direct application of a ultra-short high voltage .
pul ‘BE0etomatertal r 8 duead IRASEN MRl VB ENLeERY peuisaRs vathi maximum

e BBl ERInG YT 1O P MR, B P et alIT 478 LR myese

Forreagtvance, a short pulse (<10 ns), high current (>

kA), high-energy (> 700 keV) charged rticle beam ,
can be geh% 2488 0 Adhi ﬁsoﬁ'éﬁ tea&!s ?fﬁt?'p fauires deuteron with

pr e§ighiiean @ rshdreBhe piEB[N | 360 ViV 2 tRAHISE one that
gg a en‘E% I ment o? ﬁe)

according to a partic present
i nweatldobei equired ffoa tgbmer tetrgeig weeme i usad diheb &ater Bquiring an

2008/ 012335 PCT/EP2007/ 05768 2 of deuterons, which
15 (CHETBA RO Dghe 910150 BB d5Blsie e Wb AR eessary
neuhrQRs-erhBodiRehtcase, the | ow pressure atmosphere of

t he chanber 1s nmade
In addition, due to the fact that pure Li is a metal with a low melting

point and can be easily oxidized, it may be preferred to use a compound
bearing 7Li.

20 In the particular embodiment illustrated here, the high-energy
deuteron is produced by the direct application of a short high voltage pulse
across a plasma ion diode.

This approach overcomes the space charge current limit of a
vacuum diode and allows a short pulse (< 10 ns), high current (> kA), high-
25  energy (> 500 keV) deuteron beam to be generated.

The impact of such an energetic deuteron beam on the lithium
bearing target results in a neutron pulse with high intensity and energy.

The neutron pulse is generated “on demand” upon a command
trigger. At all other times, the whole system is in an “off” condition. Thus no
30 accidental neutron generation of is possible.

The HV pulse generator 132 preferably comprises a sequence of



(at least in mpjority) with deuterium 5 In order to
be able to use the source in a public environnent, it
WO 2008@€ex385 abl e to avoid any use of radi oacti vVEPCT/EP2007/057688
materials in particular fon3the target el ectrode.
Wth that concern in mnd, natural l|ithiumcan be
sel ected as the target material, a broad spectrum of
hi gh energy neutrons with maxi mrum 10 energy extendi ng
up to 14 MeV being produced through the 7Li(d, n)8Be

::gﬁlt}%% BﬁﬂﬁgﬁéﬁOW?%&l%‘ﬁ%%ntc%%&é%%glg%hmt gﬁésglnlgrro& a starting
(t YW GRje! SUFPBE(LERIBY), thBaRIthhe 9Nt iftbasewtd 30 RY using a

required if a tritrumtarget were used (the latter
r eqeamvengonal esclasicginvarteunditl I0ik ¥oitage yg used tontged a four-

hi | ion will be necessary in such
enbgit}géﬁi&%:& (ﬁ'lrﬁ;agdditi on, due to the fact that pure Li
3 s a net allpam bhreonin@nd Mg déreom pRe Uhitamid, eenMeex ersiit ¥rects a

oxidized, 1t may be preferred to use a conpound

beaPllfg valtage2ot 1120 E‘d- pare ivalieae isnthwdy weRd to charge a pulse
il - t Lgh- [

or i e PRl tBeULE R FREbRSe SFHEFRVT, i gn

vol t age plhe ®utpar ok thi st feming clfouiteis dbusled to a 6x pulse
approach overcones the space charge current limt of_a .
vacliengfarere Paabdig @ma@m%fﬂﬂabwge@e( Rulpg Qfs752,0 thH_h'S high
cury ( ! 1 obs .0 ;
1Obea¥§{é§eb€u%§rllsé;[%rg .d &ﬁgﬁ@%aééqécz?lqgg%lﬁf‘eﬁ]hfg;ﬁg\?cg{aa@;:%ccoupl|ng
deustagerto beaneotnon kerget hblidem bearing target results

o RS TGttt heborlen R Bnantsec Bon el e st
L} PRSI LR o g S gL = 1 o
gener at i orhefon soyesslitll, evhidhgehbtates tee deunteransyris pd@vided by
15?,2% %pgg%%é%%i gwa dséﬁgéurleu%.e Aogegg)ra%eo %%r?lvzo t?ége ion source
driver 131 is used to power the ion source is response to a control signal
with which the high voltage pulse generator is synchronized.
The ion source is arranged as the anode 111 of a plasma diode,
with the lithium bearing neutron target being the cathode 112. Upon
20  application of the high voltage pulse, a deuteron beam with a current > 1 kA
can then be accelerated by the high voltage to impact onto the cathode
target, thereby generating the high energy neutrons.
The operation of the whole generator is under the control of a
dedicated console which is part of the control and monitor unit 140 and
25  which provides control and status information on all modules of the neutron
generator. Unit 140 is also coupled to a set of safety sensors to ensure
safety interlock and proper operation of the neutron generator system.
The neutron tube chamber 110 is evacuated by a small turbo
molecular pump to normally less than 0.1 Pa. Upon the command for
30 generating a neutron pulse, deuterium gas is injected into the chamber

through the discharge electrodes of the ion source, raising the chamber



voltage nultiplication and pul se conpressi on nodul es.
Froma starting voltage supply of (e.g. 220 V), the
woodsags3ss first increased to 30 kV using a PCI/EP2007/057688
conventional electronic inuerter unit. This voltage is
used to feed a four- stage Marx circuit. 5 Upon a
command trigger fromthe unit 140, the Marx circuit
erects a pulse voltage of 120 W This voltage is then
used to charge a puI se form ng l[ine circuit to

produce a L{ Igf 1% The out of @is ved
Ui RESFu o giadilc I8, Phs THE s BlYes it energized to
tr af®daEERke f.pgtqvarwuélﬁ I ED blmabefe@ﬂnﬁrf&ﬁtumél &Ray (which
of 720 W This hig vol tage pulse is then fed

t hrmrgesmnﬁgeteu the tirn@ hresveen lihgIereatiamgk thatrpnsiegt plasma and
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ion source 111, which generates the deuterons, is
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onse 10 a contro

Si gnﬁmmge{\ndnhthdwnelhltr@rlﬂeadgeghan@Idrag&ra@hbsteplgee&rfaﬁwtmrswull be
synchronlzed The ion source is arranged as the anode
11199%erates-asma diode, with the |ithium bearing

jneutron target efﬁ'{g‘?%ﬁw%ﬁ%\b ttﬂé’%amt?er |Jsjpé§(;r1|n %Qacuatgdétpn below

appllcatlon of pul se, teron
Wit 1P readntorthé rekt palset hen be accel erated by the
hi gh vol tage to | act onto the cathode

t
Chereby gUiferBRUHRTS raren BoneEAIg: GyAgH: sHOPRll. In order to
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operation of the neutron generator system The neutron
t ubariveaatbibie alljeci sndemintaregatinn musalaten tnabothe original pulse

| t Ly | h 0.1 P U th
corfaBrvie BB e arnel abRBRI R se. dent er | um
gas i's i nERehslel AlMekibs ABYENRY, using the 3-D Monte-Carlo code

4
20  MCNP4B, has established for near field objects of < 1m a fluence of 10

2
neutrons./cm for a good signal to noise ratio in a prototype according to the

invention.
This figure does not take into consideration possible improvement
in detector performance using advanced signal processing algorithm. If the

25 target surface is 1 m away from the neutron source, then the neutron

8
source strength must be 41 x 10 neutrons total, assuming isotropic

emission.

9
The prototype illustrated is capable of producing a 5 ns pulse of 10

neutrons through the 7Li(d,n)8Be reaction.

30 7Li+d - 8Be + n + 15.02 MeV



t hrough the discharge el ectrodes of the ion source,

rai sing the chanber WO 2008/ 012335 PCT/ EP2007/ 057688
wa4doopnesssire to about 10 Pa. The ion source dr POEEP2087/057688
then energi zed to produceishe first transient plasma.
After a predetermned tine delay (which corresponds

to the tinme between the creation of the transient

pl asma and the expansion of said plasma sufficiently

to provide charge neutralization), 5 the control and

cor ot |y Epeihis s el Hnek 'Sk Efbsomay be teftin
i ni mnaﬁw.ﬁé}@nhbgatetplstaw@ densr naeNenahiih deviterch EReyy. The

an enefgetic deuteron beamw || be created to i npingé
on Reldrensuthusprogrerd havg@ kivadl eneigy 6ange uvide eoergy extendlng

neu be generated. 10 At the end of the
pul é%] w&héc\(]anber is again evacuated to below 0.1

Pa, readyinf okdémeo ngadreps! &R répRJIRIBIitYNST 3h€ neutron energy
gener aI ly emtted isotropicall In order to produce
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stance

used taecdletation plisepeam aperture in a forward
direction. The collimtaor effectively noderates and
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Examples of specific embodiments
A source as described above can be used for generating different
20  kinds of energetic particles.

If the emitting electrode is defined as the anode (by the sign of the
accelerating pulse) and the low pressure gas is e.g. deuterium, then the
cathode acts as a target and the source can be used as a source of
neutrons (cf. figure 3a).

25 If the emitting electrode is the cathode and the low pressure gas is
e.g. H, or Ar, the anode acts as a target and the source can be used as a
source of X-ray photons (cf. figure 3b).

The source can also be used as an ion beam source - e.g. with the

emitting electrode being the anode and the cathode being arranged as a



8 source strength nust be 4rr x 10 neutrons total,
assum ng isotropic emssion. 9 The prototype

wo bdossi3as ed i s capabl e of producing a 5 ns puPcPEP{001/057688
neutrons through the 7Li (d,18) 8Be reaction. 30

7Li +d- 8Be+n+15. 02MeV WO 2008/ 012335 PCT/ EP2007/ 057688

15 This reaction is exotherm c and the residua

nucl eus may be left in many different excited states,
even for not very high deuteron energy. The neutrons

o Sl MBS i o 8RR AR 40K BEGERESY boarm of
r eps et insidan avdl er. ngute 3). energy  spectrum the

neutron source strength rs controlled by both: the
oper at i nglW@ianafex isfextnastadhatterpassingthdoughusueteathode.

IS 0 858 8 2 OB s Hcion beam o
sConhégutivienidnt sawcBer & §ewithnthbeamittng redétrod® Bbig the cathode

generation of 10 neutrons in a 5 ns pul se represents
ver3ndite® anpdenbaingoarrpaged s axand ﬁgmug@nwhpm the accelerated
sec r er at ' designed to

oper(g'frg ﬁ?@gﬁ%%%@?@ﬁd 'Fg%?@re%f%r%%\ﬁe' 1 Hz, the duty

cycle is 9 very low and the average neutron source

rate is only 10 neutrons per 15 second. This is

i nportant for personnel safety consideration for

public operations. Exanples of specific enbodi nents A
source as descri bed above can be used for generating

di fferent



20 kinds of energetic particles. If the emtting
el ectrode is defined as the anode (by the sign of the
w@eaesloerat i ng pul se) and the | ow pressure gas PCI/BPT07/057688
deuterium then the cathode acts as a target and the
source can be used as a source of neutrons (cf.
figure 3a). 25 If the emtting electrode is the
cathode and the | ow pressure gas is e.g. H2 or Ar,
the anode acts as a target and the source can be used
as a source of X-ray photons (cf. figure 3b). The
source can al so be used as an i on beam source - e.g.
with the emtting el ectrodechbaimg t he anode and the
cat hode being arranged as a WO 2008/ 012335
PCT/ EP2007/ 057688 16 sem transparent grid structure

cantt P avAl Mpod I BEN SR BT TR 1R RS portites.

af t dmpasiag Mige falloNgdh sepsh cathode. Simlarly, the
source can al so be used as an el ectron beam or
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PCT/ EP2007/ 057688 17 CLAIMS 1. A nethod for
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at a el ectrode I'n a vacuum ch
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second el ectrode qllf;) n saj d vacuum chanber,
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15puI dc’lgdgoand

- generating said energetic particles at said second electrode (112).

2. A method according to claim 1, wherein said energetic particles are
generated by a beam/target nuclear or electromagnetic reaction between

20  said accelerated ions or electrons and said second electrode (112).

3. A method according to claim 1, wherein said second electrode is a
semi-transparent grid structure, and said energetic particles are constituted
by the plasma ions or electrons themselves travelling through said second

25  electrode (112).

4. A method according to any one of claims 1-3, wherein said
predetermined time is determined from at least the voltage level of the
pulse, the geometry of the electrodes (111, 112) and their mutual distance

30 and chamber pressure.



as to accelerate said distributed ions or electrons
towards said second electrode, whereby a high-energy

wao beos/oof33sharged particles is generated whil ePCT/EP2007/057688
overcom ng the space chargascurrent limt of a
conventional vacuum 15 diode, and - generating said
energetic particles at said second el ectrode (112).

2. A nethod according to claiml1, wherein said

energetic particles are generated by a beanitarget

o Cat or ANGENBHCPRANELS Pk SR s e BER Qe oS Wflerein said
el efikt Msctfob®2) 118 cdmpPREGOE pRaFObH NG t0Res! @efblers forming a

wherein said second electrode is a sem -transparent
gr i Plasmeudisefrarge 4o Seaice- ener getic particles are
constituted by the plasma ions or electrons

t hensel ves travel ling through said second 25
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