Siberian Branch of Russian Academy of Science

\_—% BUDKER INSTITUTE OF NUCLEAR PHYSICS
¥

Y
1999

B.A. Knyazev, J.B. Greenly, D.A. Hammer

LASER-DRIVEN
ATOMIC-PROBE-BEAM DIAGNOSTICS

Budker INP 98-100

http://www.inp.nsk.su/publications

Novosibirsk
1998




JIMarHoCTHKA HAa OCHOBE ATOMHOIO Ty'Ka,
po30y X AaeMoro Jjiazepom

B.A. Kuases*, Joic.B. M'punau®® J.A. Xammep™

* Hosocubupcku#t ['ocymapcrseHAnilt yHHBEPCHTET,
Wucraryr snepuolt dbrsuxu um. U, Bymkepa, 630090 Hosocubiipck, Pocens

** | aboratory of Plasma Studies, Cornell University, Ithaca, NY 14583

AHHOTALMA

Mpeanonen KoMGHHUPOBAHHMA KOPIYCKY/ISPHO-CIEKTPOCKONHYECKAR METO HaMepe-
HUA KJIOUYEBNX ApaMeTPoB MOUIHHX AHOAOB A IeHepauH HOHHEX NYYKOB, oCHOBAH-
Hull Ha Jaseprom Boabyxaennu M/ UM HOHRIALMK NPEBADHTENLHO HHKEKTHPOBAHHOIO
B uccheayemyio obnacTs “npoGHore” aToMHOrO My4Ka, N0 3MEMCHTHOMY COCTaBY OT/IHMA-
JOIIErOCH OT OCHOBHOPO MYYKa, reHepHPYEMOro IHONOM, — JIA L (Laser-driven Atomic-
probe-beam Diagnostic - LAD). 9Tor MeTo MOXNOC MCTIONB3OBATE ANS ONPERCTEHHI N0~
KabHOT'O 3AEKTPHUECKOTO OISt KAK (hYHKIHUHK BPEMEHH, NOJIOMKEHHSA IMUCCHOHHBIX FpalitiL
anonHo# W Karonsoht nnazm (sddexTuBnOro YCKOpPHIOUIETO npoMeKyTKa), pacnpeaeie-
HMA NOBEPXHOCTHON NNOTHOCTH AHOAHON IVTA3MB, CKOPOCTH HOHH3ALIWH HeliTpanbHOI'O Ta3a
pBaM3K anonHol sMHCCHORHON TpAHWLMB, a Takxe obnacrell B anone, “YorpeTcTBeHHEIX" 38
yBEeNHYeHHe PACKONMMOCTH HOHHOTO MY KA, BHXOAKUIEro U3 AHOAZ. B xauecTse npobxoro
nyvKka Me TpeAnaraeM JuTHeBHll, HATpHeBLIH U, BO3MOXKHO, BopHbll MyYKH, U1 KOTO-
PHX HMEIOTCH MOAXOAAMKE HCTOUHHKH HaKa4YKH. JuarnocTHka J0NYCKaeT ONHOBPEMEH-
HOe M3MepeHHe XAPAKTEPHCTHK JMOa CPeICTBAMM CIEKTPOCKONHK M NYTeM MORHTOPHNIS
sKcTparupyeMux npobunx woHos. Hanpumep, npu Hec/ie10BaHHK XapaKTePHCTHK AHOME,
reHEpHPYIOUIero NPOTOHHLIA NYYOK, OIHO H3 BEDXHHX cocTodHKi ATOMOB JHTHEBOTO NYY-
Ka KACKaaHo Bo3OYy KIASTCH N0 HACHIIEHMS PEIOHAHCHBIM WIJYUYeHHEM HBYX /Ia3€POB HA
KPACHTENAX, IHPHHA H3JIYYeHHS KOTOPHX ACIKHA fuiTh gocTaTosHol Ans BoabyxaeHUR
B TeueHUe BCero HMIIYJIbCa HHTEPECYIOUMX HAC KOMIOHEHTOR DacllerieHHoi BcnencTene
Hirapk-sddekta cnexTpancHoli JIHHHH, Perncrpauns cnekTpa CHOHTAHHOLO H3JY4YeHHH
NoaBWIAET ONPENENNTL pacnpeiefieHHe MEKTPUUECKOro NOIA B NoJL0KeHHe IMHCCHOHHON
rpannus. Ecnn GoTOHORM30BATE JIOKANLHO chOKYCHPOBAHHEM H3ANYUeHHEM €Ule OIHOrO
KOPOTKOUMIYNLCHOrO Jlasepa Bo30Y K AEHHBIE aTOMBI npobHoro ny4ka, To Mo Ho obpaso-
BaTh MY4OK MPOBHNX HOHOB, H3MEPAR SHEPIHIO K PACXOAMMOCTE KOTOPOrO, MOYXHO onpe-
MENUTL 3MEKTPOCTATHYECKHH MOTeHIMan B TOMKE HX POXIACHHA, a MEHAA ITY TOUKY, -
30HH JHOAA, OTBETCTBEHHLIE 32 POCT PACXOAMMOCTH OCHOBHOTO NYYKa B AHOIE. Buicokoe
BpeMeHHoe W MPOCTPaHCTBEHHOE paspeileHne obecneynpaeTcs CcooTBETCTBYIOME! reome-
rpuelt nepeceucHuii ATOMHOIO K Ia3€PHBIX NYYKOB, AACKBATHRM BaBOpPOM MOJIA 3PEHAR 1
CKOPOCTH 3aMHCH CMEKTPOCKOTIHYECKOH CHCTeMBl, & TAK)Ke BHCOKOH HHTEHCHBHOCTLIO MO-
HH3UPYIOMETO Jasepa, obecneynBaioUlero “MrHOBEHHYH" HOHH3AIMI0 ATOMOB B 3a/laHHON
Toyke. OnucaH BAPHAHT SKCIEPHMEHTATBHON CHCTEMEl VIR H3YYeHH:A TIDOTOHHOTO M JiM-
THeBoro AMoaoB. lIpefcTaB/ieHn OUEHKH NPOCTPAHCTBEHHOIO H BPEMEHHOI'O paspelieHHH
. perrcTpupyomet HORB CHCTEMH, OCHOBAHHON HA TOMCOHOBCKOM CIIEKTPOMETPE C MKIT
yeunnTesneM co cumHTRANSTOpoM. MeTon momxer BbiTh TIPHMEHEH A1 HCTeA0BAHN K-
poKOro KJaacca of6beKToB, BKIIOUAs repeaoiuue JHHUK 1 Z-NAHYH.
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Abstract

A new approach to measuring several key parameters in an intense ion diode which
we call Laser-driven Atomic-probe-beam Diagnostic (LAD) is presented. It is based on
laser excitation and/or ionization of a probe atomic beam, pre-injected in the region un-
der study, of elemental composition different from the bulk ion beam. This method can
be used to determine the electric field as a function of position and time, including the
positions of anode and cathode plasma emission surfaces (in order to obtain the effec-
tive accelerating gap); the anode plasma areal density distribution; the rate of neutral
gas ionization near the anode emission surface; and the regions in the diode which are
“responsible” for increasing of the ion beam divergence. As possible probe beams, we
suggest the use of lithium, sodium and, poseibly, boron atoms, which can be excited with
existing dve lasers. The diagnostic provides a means to measure diode quantities spec-
troscopically and by monitoring extracted probe ions simultaneously both with excellent
spatial resolution. For example, with a lithium or sodium atom beam, a specific excited
state is populated up to saturation (directly or stepwise) by the resonance radiation of
one or two flashlamp-pumped dye lasers. Since the electric field strength is a function of
time the laser spectrum must be sufficiently wide to excite fine-varying Stark components
of a spectral line throughout the diode voltage pulse. Recording of spontaneous emission
spectrum originating from this level can yield the electric field strength and the position of
the anode plasma boundary. If, in addition, a precisely-focused laser-beam can be used to
provide photoionizatiﬂﬁ of alkali atoms that are excited to any one of the upper levels of
the atom, the extracted alkali ions can be analyzed to give, for example, the electrostatic
potential at the point of origin of the ion, or the ion divergence as a function of the point of
its birth. The latter might allow us to study the influence of conditions in the accelerating
gap on the origin of ion divergence. High time and space resolutions of the technique are
provided by special geometry of atomic and laser beams cross-section, adequate field of
view of the spectroscopic system, as well as “momentary” ionization of probe atoms at
determined point by high-power ionizing laser. A variant of the experimental system for
study of proton or lithium diodes is given. Estimations of spatial and temporal resolu-
tion for the system based on Thomson spectrometer using a MCP +scintillator detector
are presented. The technique can be applied to study wide variety of devices including

transmission lines and Z-pinches.
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1 Introduction

High-voltage vacuum diodes of various configurations have been used widely
for generation of high-power electron and ion beams. In these diodes, elec-
tric fields up to 10 MV/cm, magnetic fields of several Tesla, and electron
and ion current densities of kA/cm? are produced. Dense, not fully ionized
plasmas are generally produced at electrode surfaces, either intentionally, as
ion or electron sources, or unavoidably, by explosive emission processes. The
resulting dynamics of plasmas and accelerated particles in these diodes re-
quire noninvasive temporally (ns) and spatially (<mm) resolved diagnostics.
The single most critical quantity for understanding of diode gap processes is
probably the electric field, but magnetic field, charged particle orbits, and
plasma motion including charge-exchange and ionization of neutrals are also
of great importance. :

In typical high power ion diode configurations it is highly beneficial to
use spectroscopic methods for measurements. Y.Maron et al. [1] used a
spectroscopic technique for the first direct measurements of the electric field
distribution in a magnetically-insulated ion diode. They measured the Stark
shift of spectral lines of doubly-ionized aluminum ions as they crossed a diode
gap. This method, which can be called “passive Stark spectroscopy”, can be
applied only to ion diodes with specially selected ion composition. Moreover,
its sensitivity is rather low due to the characteristics of electron transitions
in heavy ions. In particular, the precision of the measurements in the above-
cited work was 0.4 MV /cm.

Recently, similar experiments were carried out in the ion diode of the
PBFA-1I accelerator [2]. The Stark shift of the 3p level of lithium in electric
field up to 10 MV /em was determined in these measurements by “semi-active
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Stark atomic spectroscopy”, without resonance laser excitation of atoms, but
with self-injection of probe “charge-exchange” atoms from the partially ion-
ized anode plasma layer into the diode gap. The probe atoms were produced
because of the absence of a dense plasma layer with zero electric field near
the anode in these experiments. They provide the first detailed investiga-
tion of ion diode acceleration gap physics in high power pulses, and the first
observations of Stark shifts in a 10 MV /em field.

Though the diagnostic methods used for electric field measurements in ion
diodes so far have been successful, they are not generally applicable. They
cannot be applied, for example, to a proton-beam accelerator, nor could
they be used in a lithium-beam accelerator with a dense, fully-ionized anode
plasma. Furthermore, both of these techniques can provide measurements
only along a line of sight, not at a “point”. In Refs. [3, 4] a method for
measurement of the electric field in diodes using probe atoms injected into
the gap and excited by resonant laser radiation was described. In this tech-
nique, called Active Stark Atomic Spectroscopy (ASAS), the Stark splitiing
of a probe-atom spectral line enables a calculation of the electric field with
high time and space resolution. Since the probe atom density 1s less than the
density of the background gas, this technique would not disturb the diode.
However, high sensitivity is provided by using resonant laser excitation to sat-
urate the population of the upper level of transitions of interest. Because one
can easily distinguish signal from noise by simply omitting the probe beam or
tuning lasers away from resonance with transitions, a reliable measurement
can be made.

In Refs. [5, 6] measurements of the electric field in the 6-cm diode gap
of the U=1 electron-beam accelerator by the ASAS technique were briefly
described. A lithium atomic probe beam was injected into the gap before the

* high-voltage was applied. Lithium levels with a principal quantum number

n = 4 were excited through cascade transitions using two dye-lasers. The
bandwidth of the second laser was sufficiently wide to excite the split com-
ponents of interest. Spontaneous emission was recorded with 1 mm spatial
resolution by a monochromator combined with a fiber-optic or electron-optic
dissector. These experiments enabled a direct measurement of the electric
field strength at the definite point as a function of time in the diode during a
6-ps, ~1 MV voltage pulse. The electric field strength measured in these ex-
periments was 200-300 kV /cm, and the cathode and anode emission surfaces
were located as a function of time.

The ASAS diagnostic method can certainly be applied to ion-beam diodes.
In practical realization of the technique one needs only to take into account
the specific ion diode conditions, including a higher electric field strength and
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the presence of electron and ion flows in the gap. Obviously, the higher the
electric field, the lower the atomic levels to be used in an experiment. The
other obvious requirement is to use as a probe atoms elements different from
the ions accelerated. For example, in a lithium ion diode it is reasonable to use
sodium atoms as a spectroscopic probe. The features of the ASAS diagnostic
technique with sodium atoms are practically the same as previously described
[4] diagnostics with lithium atoms, and we leave out of the scope of this paper
description of the ASAS diagnostics with sodium atoms.

In this paper we concentrate on a further elaboration of the technique,
which substantially enhances its capability. We suggest to convert this diag-
nostic from merely a spectroscopic to a spectroscopic-corpuscular one. We
describe how locally produced probe ions can be used to measure of poten-
tial distribution across the diode as well as to study sources of jon beam
divergence in the diode. This combination of ASAS and novel corpuscu-
lar diagnostics can be named Laser-driven Atomic-probe-beam Diagnostics
(LAD).

2 Experimental configuration

Typical magnetically-insulated proton- or lithium- ion diodes consist of (see
Fig. 1) an annular anode and a cathode assembly. The transverse radial insu-
lating magnetic field in the accelerating gap is parallel to the anode surface.
A high-voltage positive pulse is applied to the anode and ions extracted from
the anode plasma are accelerated across the gap (along z-direction), through
the cathode plasma sheath, to form an intense annular ion beam. We will
describe application of the LAD diagnostics to study characteristics of such
a diode.

The spectroscopic LAD diagnostic (ASAS) requires an atomic probe beam
with two exciting laser beams. One can suggest many different configurations
for atomic and laser beams in the diode depending on experimental goals,
namely to measure time evolution of the electric field at a local point, or
to take a snapshot of lines of equal electric field strength, or to detect the
emission surfaces and so on (see [7]). One of possible configurations is shown
in Fig. 1. Atomic and one or two laser beams cross each other along a certain
“line” between anode and cathode layers. Spontaneous fluorescence of the
higher atomic level from this line 1s collected with a lens (not shown) and
imaged on the input slit of a spectrograph. Distribution of Stark sphitting
along the z-axis recorded by a frame camera at the output of the spectrometer
gives the instantaneous electric field distribution across the diode.
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Figure 1: A sector of the anode-cathode gap of an ion beam diode is shown
with the geometry of injection of atomic probe beam and laser beams for
excitation (spectroscopic diagnostic) and ionization (probe ion diagnostic).



The angle between the atomic beam and two coinciding laser beams, as
well the direction to the detector system, depends on features of the diode
design, but it is better to provide crossing of the atomic and the laser beams
rather close to a right angle. Then, with saturated population of the working
level there is no problem with self-absorption of the resonance emission by
the surrounding non-excited probe atoms (see [8]). Besides, when directions
of excitation and obser vation are almost normal to the beam direction, one
may ignore the Doppler-effect. A thin “ ribbon-like” (of a rectangular cross-
section with a small thickness in the direction of the laser beam) atomic
probe beam would be the most satisfactory for such experiments. Depending
on diode design the atomic beam can be injected to the gap normally to the
anode or along the anode surface. A technique for formation of a ribbon-like
atomic beam is described in [9].

3 Laser-driven Probe-Ion Diagnostics (LPID)

There are several possible measurement schemes for the particle diagnostics,
but in all of them one can provide the local photoionization of excited probe
atoms by a very intense laser beam at a specific location in the diode gap.
The ions obtained in this way are accelerated in the applied electric field
and can be detected after leaving the gap. By measurement of their energy,
one can determine the potential at the ionization point. Measurement of the
divergence of probe ions produced at different distances from the anode could
locate the sources of the ion divergence. The key points in this diagnostic
are (i) the selection of probe atoms, (ii) the choice of the ionizing laser,
and (iii) the development of the methods of measurement of the probe ion
characteristics.

Since the probe-ion time of flight out of the ion should be comparable
with time of flight of bulk ions, possible probe atoms are limited to a few low-
mass elements having resonance transitions which can be excited by available
lasers to levels with a photoionization threshold less than the photon energy
of the ionizing laser. Only three elements, lithium, sodium and, possibly,
boron, whose partial Grotrian diagrams are shown in Fig. 2, satisfy these
requirements. Time of flight r, of an ion which has been produced at a
distance Az = d — z from the cathode is given by

r o~ \/ mn::g:az;:e = 0.144 \/ 2 (; ':E;Eff]lm] [ns] , (1)

where A is an atomic number, U/, is a potential at this point at the moment,
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Figure 2: Atomic transitions of lithium and sodium which can be used for
measurement of Stark splitting in high-voltage diodes. Bi-directional arrows
indicate transitions excited to saturation by laser radiation. The bars give
the photon energy of lasers that can be used for photoionization of excited

atoms.



and d is anode-cathode separation. For U,=1 MV and Az=5 mm, time of
flight for H* is 0.7 ns, LiT is 1.9 ns, Bt is 2.3 ns, and Na™ is 3.5 ns. Thus,
lithium and boron can by used as probe ions in proton-beam diodes, and
boron and sodium in the lithum-beam diodes.

4 Local production of probe ions by laser pho-
toionization

Adequate sensitivity of LPTD measurements can be obtained only when the
working level(s) of the probe atoms is populated to saturation. Let us esti-
mate intensities of exciting laser beams which provide saturation of the probe
atom levels. Required laser spectral power density J7 can be determined from
the kinetic equation for population of the higher level of a two-level system

dnm . ' ¢
i /jL (W) Orm(w) dw — np, f i1 (W) Omn (W) + amn(W)] dw ,  (2)
where
Amn = [unm [“-f) dw (3)
is the first Einstein coefficient, and
Omn x° /

‘s a cross-section of the induced radiation. Saturation of population corre-
sponds to
37 (W) Tmn (W) = amn (W) , (5)

whence a requirement for spectral power density of the exciting laser radiation
J§¥ (w) = jr - hw follows

Sk 4 hw erg
JL (W)EJf(w)zj? Lmz -c-c'l] ' (6)

Using a practical units and the relation Jp(A) = Jr(w) - |dw /d )|, we obtain
finally

JiE(A) 2

(7)

1]

1672hc? [ erg ]

1.42 . 104 kW
A3 Lern? - c-cm '

AS [nm]

cm? - nm

10

—

Spectral power densities J7 () for the most interesting transitions of
lithium, boron and sodium are given in the Table. These values are moderate
for yellow and red spectral regions and can be easy obtained with conven-
tional flashlamp-pumped dye lasers. Bandwidth of such lasers is about 1-3
nm [10] and their wavelength can be easy tuned to cover the wavelength of
a resonance transition. Such tuning must be done with regard to Stark shift
and splitting of the working levels in the electric field.

Table. Atomic transitions interesting for laser-driven diagnostics,
photoionization cross-sections of the upper levels, and laser energy density
necessary for photoionization of these levels.

Atom | Transi-| A, JF Tph, 10-® cm? / Fy, - 7i, GWns/cm?
tion | nm |kW/cm?nm| KrF Ny Ru

[Li | 2s-2p | 671 1.1 0.34/2.3 [0.87/0.68 o
9p-3s | 813 04 [0.085/9.4]0.21/28 -
3p-3d | 610 17 0042710 [ 0.10/5.7 | 0.90/0.32

Na | 35-3p | 590 5.0 0.20/3.0 | 0.51/1.2 X
3p-55 | 616 76 [0.014/50 [0.034/18 | 0.20/0.97
3p4d | 810 | 039 |0.037/217]0.091/6.5]  0.80/0.36

B [ 2p3s |249.8] 150

For production of probe ions an appropriate additional laser can be ap-
plied to photoionize a saturated excited level (or levels) of probe alkali atoms.
Lasers with low-energy photons (ruby, neodymiumy), as shown in Fig. 2 for
lithium, can ionize highly-excited atoms only. UV lasers {like KrF or Nj3) can
ionize all excited atoms. The photoionization cross-sections for atoms with
one valence electron [11] can be determined from

i ig f Ea 3 1
opn =910 (ﬁuL) (n— A, D))’ (8)

where wy is laser radiation frequency, ¢, is photoionization threshold, and
A(n, 1) is quantum defect. Quantum defect for the alkali atoms does not
depend on principle quantum number and for s, p, and d states of every
n is equal to 0.40, 0.04, and 0.00 for Li and 1.37, 0.88, and 0.01 for Na,
correspondingly. The cross-section increases dramatically for upper levels
with high principal quantum numbers and rapidly decreases with increasing
wavelength of the ionizing laser.
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Levels of interest for ASAS technique in the electric field range from 0.1
to 10 MV /cm are 2p, 3s and 3d for Li, and 3p, 5s and 3d for Na. We
will assume that the same excited levels are used for production of probe
ions. Calculated photoionization cross-sections for these levels are given in
the Table. For example, for KrF laser we have found opp = 3.4 - 10~ 1° cm?
for 2p-level and 4.2 - 1072° cm? for 3d-level of lithium. The upper transitions
can be ionized with ruby and even neodymium lasers. For ruby laser the
cross-section for 3d level is higher (0.9-10~'8 cm?) because the ratio ¢, /hiwy
is close to unity.

Characteristic photoionization time is equal to i, = v, r,f, where photolon-
ization frequency vpp 18

Voh = Oph M€ . (9)

From here - o

Ny w caph Fiopn

(10)

e =

'

where Fy is power density of laser radiation, n, 1s photon density, and c¢ is the
speed of light. From this relation one can see that the product of ionization
time and power density depends on hw and opp only

N (11)

As a result we have obtained a relation for estimation of critical laser power
density for photoionization of probe atoms during a while 7

1.6- 10~1° hw [eV]
oph [cm?] :

7; [ns] - Fr, [GW/cmﬁ] = (12)

Values of this product are also presented in the Table.

To complete of this section let us mention alternative ways of photoion-
ization of sodium and boron atoms in a high-voltage diode. The energy of
KrF-laser photons lies within a band 40318 + 40205 cm™! between 10p and
11p states of undisturbed sodium atom. That is only 1190 cm™! less then
‘onization limit of a sodium atom. The level 10p is ionized by the electric
field of B., = 3.2-108/(n—A(n,1))* &~ 32 kV/cm [12]. In the high field of the
ion diode the Rydberg levels are widely split into many components. These
components are densely distributed in energy space near the 1onization limit.
Therefore some of them at any time will coincide with the laser generation
band. Thus excitation of these levels result in practically immediate field
‘onization. For the lithium KrF laser radiation lies close to 5p and 6p levels.
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Because for 5p E.; ~ 1.1 MV /cm, ionization of lithium atom by this way is
questionable.

For boron the level system is quite different from the alkali atoms. Boron
is not a hydrogen-like atom, and eq. (12) cannot be applied for calculation
of photoionization. Nevertheless, one can expect that the cross-section of
3s-state will be the same order of value as for the alkali atoms. A larger
problem is excitation of boron atom to the 3s-state. The only laser that can
in principle excite this level is the KrF laser whose wavelength (A= 248.1-
248.8) is close to the 2p-3s resonance (249.7 nm) of boron. Though there is
experimental evidence of excitation of atomic levels at a mismatch rp to 2
nm (see, for example, [13]), this method must be verified experimentally. If it
appears to be possible this system is very attractive for experiments, because
one laser can be used simultaneously both for excitation and photoionization.

5 Application of LPID to measurement
of divergence and local potential

One can suggest many experimental schemes based on LPID. We will discuss
in this section the scheme shown in Fig. 3. For definiteness, we assume a
2-MV proton diode with electrode separation of about 5 mm. An atomic
lithium probe beam of a width of 0.2 mm with a density of 10'? cm™2 is
injected into the diode with small inclination in respect to direction of electric
fields in the diode. Atoms of the beam are excited to an upper level, as
described in section 2, by the resonant laser radiation (not shown in the
figure). Radiation of an ionizing laser is focused to spot S =0.02 mm? at
the atomic beam and produces in a small region (see the inset in the figure)
probe ions by photoionization. This radiation does not affect the bulk ions
and background atoms. :

To achieve the highest sensitivity of probe ion detection as well excellent
time resolution, the laser beam intensity has to provide complete ionization
of probe atoms during a short time ;. In practice, 7; should be not more
then 1 ns, whereas characteristic laser pulse length 7 is, usually, about 20

ns. Thus, requirement for energy of the ionizing laser is

SIS ATET Y eV S
&L = o S (13)

For example, for the ruby laser, in accordance with Table 1, for lithium 3d
state the necessary energy is 1 mJ only. Characteristic oscillograms of diode
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Anode @ Anode plasma 100kA 1MV AL~  proton beam
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Atomic probe beam
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laser '
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Figure 3: Schematic of local generation of probe ions in the diode and Thom-
son spectrometer detector system.
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voltage and current, ionizing laser pulse, and pulse of probe ions for such case
are presented in the right top corner of Fig. 3. Total number of probe ions
produced is Np; =4 - 10°.

y, ¢m y, ¢m

Figure 4: Calculated lon traces on the detector of a Thomson spectrometer:
(a) proton diode and lithium probe ions with a = 5 cm plate length, { = 30
cm from plates to detector, aE=7-10*V,aB =1 10* G-cm; (b) lithium
diode and sodium probe ions with a = 10 cm, | =30 cm, aE = 7104
V, aB = 3 -10* G.em. We assumed input hole diameter of 3mm, and a
divergence of the bulk beam of 15 mrad.

For this system, a Thomson spectrometer, as shown in Fig. 3, is an ad-
equate detector. One of the disadvantages of the conventional Thomson
spectrometer, which complicates measurement of the beam divergence, 1s the
necessity to collimate an intense ion beam by means of a pinhole. Evaporated
material expanding into the hole can absorb and scatter the ions and disturbs
results of measurement of energy and divergence. A great advantage of LPID
is the capability to study probe beam divergence without any material colli-
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mating holes and slits, because the probe ions can be produced in the diode
in a small volume. For this reason one may use a spectrometer with a large
input aperture (Fig. 3) adjusted with the axis of probe ion beam. Other
beam ion species are recorded as thick parabolas, whereas the probe ions,
locally produced for a time 7;, produce a small spot. Position of the spot on
the corresponding parabola gives the potential at the point of ionization.

The spot size is governed by the transverse velocity obtained during ac-
celeration and drift from point of ionization in the diode to the spectrometer.
For proton beam current Iy = 25 kA and anode cross-section S; = 300 cm?
proton density in the diode is about 5- 10! cm ™. Density of probe lithium
ions for Npi = 4 - 10%, 7, = 1 ns and Spi =210 % am® g B8 - 101 Gm™?,
and one can neglect influence of its space charge. Thus, because the velocity
of probe atoms is very low, the size of the spot on the detector plane corre-
sponds to probe beam divergence. Dependence of the spot size as a function
of point of ionization maps the transverse disturbance of the beam across the
gap.

Neglecting boundary effect, coordinates on the detector plane of an ion
with a kinetic energy T = ZelUU, ion charge Z and mass A can be found from
the expressions ;

5.0-1077 Z (aE [V])(I — a/2)

#fem] = T [MeV] -‘ (19

A 6.9-107° (aB [G-em])(! — a/2) Z
Wiagiht VA /T MeV] ‘

where a 18 length of the electric and magnetic fields £ and B in the spectrom-
eter (see, Fig. 2), [ is distance from beginning of the fields to the detector
plane.

As a specific example, we describe here a detector system constructed at
Novosibirsk State University for this diagnostic. We use a two-part detec-
tor. A CR-39 film records the parabolas produced by bulk ions. This film
has a parabolic opening along the probe-ion trace. As a sensitive detector
for the probe ions we place behind the CR-39 a gated microchannel plate
(MCP) with acceleration gap and scintillator at the output. Characteristics
of the Thomson spectrometer (see i.e. [14]) are matched to the size of the
MCP. Assuming diameter of MCP to be 5 cm, we selected parameters of
spectrometer for probe lithium ions in proton-beam diode and probe sodium
ions in lithium beam diode. These parameters are given in the caption to
Fig. 4, where parabolas for the bulk and probe ions are drawn. A width of
the bulk 1on trace is a sum of the collimator diameter (2 mm) and the beam
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(15)

divergence. The width of the trace in the figure corresponds to 15 mrad,
which in accordance with review [15] is minimum magnitude for existing ion
accelerators.

Probe ions produce a localized spot on the detector. In the figure we
assume divergence of the probe beam equal to 10 mrad. Position of the spot
on the z-axis gives the potential at the starting point of the probe ions. The
Lit trace must be resolved from Ct*, which is a universal component in ion
diodes. On the spot area of 0.1 cm? we have 4.5 . 10* pixels of MCP. To
obtain reasonable dynamic range, not more then 10% of the MCP channels
must work during a pulse [16]. Because efficiency of ion detection by MCP
is 4-60% [17] we need not more then 10° ions to record areal distribution of
probe ions. This value is much less then N,; = 5 -10° calculated above, and
probably, these ions can be detected simply with CR-39. However, additional
advantage of MCP is possibility to escape over-irradiation of detector with
unwanted ions by gating the MCP.

The combined spectroscopic and particle diagnostic described in this pa-
per, which allows simultaneous study of both electric field distribution in the
diode and divergence of the bulk beam and probe ion beam with excellent
space and time resolution. It is very reliable, because probe ion signal can
be obtained only when the atomic probe beam, the exciting laser(s), and
the ionizing laser are “switched on”. The absence of any of them excludes
appearance of useful signal. For this reason the LPID can be classified is a
“triply active” diagnostics.
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