
A.S.Artiomov 

0 ti b e A M H e H H bl M 
MHCTMTYT 
RAB PHblX 

MCCff8AOB8HMM 

AYfiHa 

E9-92-501 

A NEW METHOD OF ION BEAM DIAGNOSTICS 

Presented at the International Conference on Particle Accelerators 
(May 17-20, 1993, Washington, USA) 

1992 



ApTCMOB A.C. E9-92-501 
I loBbli't MeT0).\ ,l.\11arlHlCTl1Kl1 IIY,IKa 1101108 

8 paccMaTp11naCM0M MCT0/IC 1111arHOCTl1Kl1 ny•1Ka 1101108 1111q>opMau.1111 0 napaMCTpax ny'IKa 
BblB0).\11TCII C ll0M0UlblO 6hlCTpb1X 11ci'npaJ1hllhlX •1aCTl1U., o6pa3yl0ll(11XCII B onpc,l.\eJJellltblX KBaHT0, 
BblX COCT0!IIU111X 11a CIICU.113JlbllblM o6pa30M cq>opM11pooaHHOH M11we1111 nepC,I.\ nonop0TllblM y'laCT
K0M Ka11aJ1a Tpa11cnopT11poUKl1 ny•1Ka. M11111eHh q>opM11pyeTCll TaKl1M o6pa30M, 11T00bl ,l.\aHHble 
•1aCTl1L(l,I ll0BT0J)llJlH CK0pOCTb H0IIOB 110 BCJ111'11111C 11 11anpaBJ1CIIHIO C Tpe6yeMblM11 ).\Jlll 113MepeHHH 
T011110CT!lMH. rtapaMCTpbl 11y•1Ka onpe,I.\CJllllOTC!I B YAOOHOM MCCTC Ja npC,I.\CJ13MH KaHaJJa Tpa11cnop
Tl1J)0IIKH C II0M0UlblO K0MllaKTII0ro Marr111n1oro a11aJ111JaTopa 11 3JleKTp0110B, o6pa3ylOll(11XCll B 
pC3YJlbTaTC 11J611paTeJ1bllOH q>oTOHOIIH3aLtHl1 11cn0J1b3YCM0l'O KBaHT0B0l'O COCT0llllHll 6blCTpbLX HCH
TpaJJbllblX 1UICTl11l, PaCCM0Tpcna pcaJ111JaLtl1ll TaK0H )111arnOCTl1Kl1 11a y•1aCTKe nepe3ap11,I.\HOH 

1r ➔ p 1111lt<CKllHl1 R 11aKon11TeJ11,11oe K0Jlhll0 MC3011HblX cjJa6p11K. ECJ1111111cjJopMal.ll1ll 0 napaMCTpax 

11y•1Ka H0IIOU Jr UhlllO).\HTCll C II0M0ILlblO 6blCTpb1X aT0M0B ff B MeTaCTa611J1bHOM 2S-KBaHTOB0M 

COCTOIIIIHl1, TO t\JIII 11y•1Ka Jr C :rncprHCH 1101108 £; 2: 600 M3B M0lt<eT 6b1Tb ).\OCTl1rHyTa T0'UIOCTb 

CO0TIICTCTUHII pacnpC,I.\CJlelmH 3JleKTJ><lll0U 111101108 no 311Cpnm :S ( o- 2% 11 no YrJJOBOH K00p,l.\11HaTe 

:s 3 · 10-5 pa,I.\. 

Pa6<na 111,moJ111e11a R Jla6opaTopm, n1,1coK11x 311ep11-1r, OHSIH. 

npc11p1111T Q6,,c)l1111e1111oro HIICHITYTll 11,1ep111,1x 11CCJle,I.\ODam,ii . ,Uy611a 1992 

Artiomov A.S. E9-92-501 
A New Method or Ion Beam Diagnostics 

In the considered method or ion beam diagnostics, information on beam parameters is taken out 
via fast neutral particles produced in ddinitc quantum states in a specially shaped target before the 
bending transport line area . The target is formed so that these particles follow the ion velocity in 
magnitude and in direction with accuracies required for measurements. The beam parameters are 
determined in a convenient area outside the transport line by means or a compact magnetic analyzer 
and electrons produced from selective photoionization or the used quantum state or the fast neutral 

particles. The reali1.ation or such diagnostics in the area or charge-exchange H- ➔ P injection of 

meson factory storage ring is considered. If information on the H- beam parameters is taken out via 

fast If atoms in the metastable Zs-quantum state, the accuracies or correspondence between electron 

and ion distributions of s 10-2 % in energy and :S 3 · I o-s rad in angular coordinate can be obtained 

for the ,,- beam with the ion energy of E
1 

2: 600 Mc V. 

The investigation has been performed at the Laboratory of High Energies, JINR. 
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Introduction 

A charge-exchange method of particle flux control in ·the modern 
accelerators and the storage rings is broadly used [1). By using 
negative ions at the beginning of a beam transport line and 
forming charge-exchange targets at various transport line areas a 
convenient separation of high energy beams can be realized. A 
charge-exchange process in a target always leads to some flux of 
fast neutral particles (A0

) in various quantum states. These 
particles can be used for the ion beam diagnostics if a target is 
formed so that the particles follow the ion velocity in magnitude 
(in relative _units) and in direction (in rad) with accuracies 
required for the measurements. In the elementary acts of particle 
creation these accuracies can be estimated by :t;; ( µ

0 
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0
/~ • E,) 0 

•
5 

where µ
0 

is the reduced mass of the neutral particle and the 
remaining part of the ion in its destruction or the ion and 
electrons in their recombination, I

0 
is the affinity energy, M, 

and Et are the mass and energy of the ion, respectively. At 
present various methods of nonperturbati ve diagnostics on 
high-energy H- beams, where information on the beam parameters is 
taken out via the fast H0 atoms, are proposed [2-6). The 
disadvantages of these methods are a long drift distance in 
time-of-flight measurements of the energy spectrum [3J or the 
large mass and size characteristics of the magnetic analyzers when 
the H0 detachment to protons is used in the measurements [2,5]. A 
new method of ion beam diagnostics proposed by the author [7J and 
considered. in this paper allows to avoid these difficulties. 

Method 

For ion beam diagnostics based on the fast neutral particles A0 

a · compact apparatus can be created if information on the ion 
energy spectrum then is passed to electrons. A maximum accuracy of 
this transformation can be realized for the neutral particles in 
a definite quantum state in an optimum shaped photon target. A 
quantum state, photon polarization and their frequency w in the 



particle rest frai'Tle are chosen so as to achieve a necessary 
accuracy of the information transfer to the electrons and a 
required ratio of photoionization probabilities of the used and 
other quantum states. A kinematic analysis of an electron 
detachment· after the photon absorption by the fast neutral 
particle A

0

(n) in the quantum state "n" (photoionization) shows 
that, depending on the photon polarization, the created electron 
follows the particle energy (in relative units) and momentwn 
direction with accuracies: 

2·/3·, ~ . -
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where we use the atomic units (e=m"=h=1), E.,= E
0

/M
0

; _/3 and I are 
relativistic beam parameters, /3= V

0
/C; V

0
, M

0 
and E

0 
are tl1e 

velocity,_ mass and energy of the neutral particle, w = 

W0 •,·(1-/3·cos~), W0 is the photon energy in the laboratory frame, 
~ is the lab. angle between_ the particle and photon momenta, C is 
the speed of light, s" is the photoionization threshold of the 
quantum state "n". Taking into account a maximum cross section of 
a photoionization near the thresholds", the best accuracy of an 
information transfer on ion beam parameters · to the electrons is 
achieved for 

(W-En)mln~ ,•Wo· {IA/3·[/3·(I-f3·cos~)·r2
-

cosm I + f3·sin~· IA8t I] . (2) 

where A/3, A8t are the spreads of the particle (ion) velocities in 
value and direction, respectively. 

As an example, we estimate potential1 ties of such diagnostics 
for the H- beam in the area of the charge-exchange H-➔ P injection 
at meson factories. Usually, for a high("' 99%) efficiency of the 
H- ➔ P transformation carbon foils are used. As a result of the H
destruction the . H

0 

atoms ("' 1%) in various quantum states whicl1 
follow the ion energy and momentum direction with a high accuracy 
are also produced. A relative number of the H0 atoms in the 
quantum state "n" (60 ,,, n = 1,2, ... ) depends on the H- ion energy, 
thickness and material of the stripping target [8,91. For a target 
with a minimum thickness, a value 6

0
" is equal to . a_,n/0_,

0 

2 

r:, 

l1 

~, 

( a_,n, 0_10 are the partial and total cross sections of the 
single-electron H- detachment) and decreases when the target 
thickness and the value "n" increase. A flux of the fast H0 atoms 
leaves the ion beam after the stripping foil in a transport line 
area with a bending magnet. Except a charge separation in the 
magnetic field a destruction of some quantum states of the H0 

atoms takes place. Taking into account the H0 (n)-photoionization 
cross.sections (see Fig 1), for a transfer of the information on 
beam parameters from the fast H0 atoms to the electrons 
conveniently to use quantum states "1s" and "2s" which dominate in 

0 ' . 
the H flux. Conditions of an optimum photoionization of the 1s-
and 2s-quantum states are obtained as a result of the Monte Carlo 
simulation of the elementary acts of · the electron creation from 
thens-quantum state. T~e correspondent probability distributions 
of the electrons. in the spaces of transverse momenta (P/P

0
, 

PY/P
0

~. where P
0
= f2(W-8n) ) and energy CE..) in the . laboratory 

frame · ( the own distributions) are obtained. The simulation is 
based on an angular distribution of the electrons in the rest 
frame of the ionized A0 atoms, which was theoretically obtained by 
Cooper and Zare·[11J 

dO/dO = alol·[1+/3o·Pz(cos8))/4'iC, ( 3) 

. z . 
where" P2 (cos8)= 0.5·(3·cos 8-1), 010L is the photoionization cross 
section, 8 is the , angle between the' electron momentum and, _the 
photon polarization vector, 13

0 
is the asymmetry parameter wlii.ch 

for the ns-quantum states is equal to 2. ·· The results of the 
simulation show· that for a transfer of information on the 
transverse beam emittance, for example in the cx;x• )-plane, to 
electrons with a maximum accuracy, the photon target must be 
polarized in the (Y,Z)-plane of the Cartesian coordinate system 
(X,Y,Z) with the z-axis in the direction of the A0 flux. X'=dX/dZ 
is the ion trajectory slope proportional to the transverse 
momentum Px. The corresponding own distribution of electrons 
f(Px,Py) at~ %/4 and 3%/4 is. shown in Fig.2. For other angles~ 
similar distributions but w1 th a various distance between the 
maxima along the PY-axis are obtained. The measurement accuracy of 
X' in the considered diagnostic method· determined by the 
half-width of the distribution <p(P)= ff(Px,Py)dPY is independent 

·3 
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Fig.1. The cross sections of H0 (n) photoionization [10]. 
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Fig.2. The own distributions of electrons in the 
(Px,Py)-space for the A0 (ns)-atom photoionization 
(Tr ~/4,3~/4, optimum photon polarization). 
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Fig. 3. The own energy distribution of electrons 
for the A0 (ns)-atom photoionization (optimum 
photon polarization). 
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of 'YI and equals 

AX' ,., 
12-~ 

(4) 
rradl 4•1'•~•C 

The measuring apparatus is supposed to integrate the electron 
distribution along the PY-axis not perturbing infonnation in the 
(X,X")-plane. Unlike the above-mentioned condition, a maximum 
accuracy of the information transfer on the longitudinal beam 
emittance and the ion energy spectrum to electrons is achieved 
when the planes of the photon polarization and the photon-A0 (ns) 
interaction are mutually perpendicular. The corresponding own 
energy distribution of electrons in dimensionless units XS= 
[E.-(1'-1)·C2J/(0.1·1'·~·C·P0) is shown in Fig.3 and independent of 
T). It is easy to see that the accuracy in determining the ion 
energy by electrons in relative units is equal to 

AE IE ,., o. 4·~·1./ 2, (W-:s) . 
., ,. (1-1). C n 

( 5) 

Tl1e photon targets necessary for the diagnostics of the H- beams 
with various energies are simply realized when the infonnation on 
the beam parameters is received through the H0 atoms in the 
2s-quantum state ( 82= 3. 395 eV). In this case, e.g. forming the 
optimum photon target by means of a N2-laser (W

0
= 3.678 eV) at 1,-

580, the accuracies of measurements ,., 10-2% in energy and ,., 
3·10-5rad in X' can be obtained for the H- beam with Et= 600 Mev, 
A~;~~± 10-3 and ti.et~± 10-3rad at the Moscow Meson Factory Linac 
(MMFL). For the more energetic ions with E,~ 800 MeV (LAMPP, SSC), 
the information on the beam can be obtained from the intense flux 
of the H0 atoms in the 1s-quantum state (a

01
"' 50·a02, 8

1
= 13.599 

eV). For this, the optimum photon target is simply realized by 
means of a fourth-harmonic radiation of a Nd:YAG-laser (W

0
= 4.6595 

eV). But in this case the accuracies of the measurements of the 
beam parameters are about twice worse than in the above-considered 
case. 

Apparatus 

For measuring the electron flux parameters and determining 
through them the corresponding ion beam parameters a compact 

6. 
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multifunctional apparatus which is proposed in (12) can be used. 
The ion beam parameters are determined tal{ing into account a drift 
distance of the fast neutral particles from the charge-exchange 
target to the photon one. The apparatus based on a dipole magnet 
(MA) with a homogeneous field and interpolar distance Dm 
sufficient to pass unhindered all the electrons produced from a 
photoionization of the fast neutral particles (see Fig.4). 

The ion energy spectrum and longitudinal beam emittance 
measurements are performed according to a scheme ( Fig. 4a) well 
known for magnetic analyzers where, instead of a diaphragming slit 
of the analyzer, a band-type photon target (0) is formed. The 
energy spectrum of the ions is determined according to the spatial 
distribution of the electron flux density along the Yd-axis on the 
detector D,.1 _ Electrons with momenta needed for the phase analysis 
are operatively separated by means of the diaphragm S, when a sign 
and value of the analyzer magnetic field are changed. The 
longitudinal emittance of the ion beam is determined according to 
a combination of the spatial distributions of the selected 
electrons on the detector D,.

2 
after the cavity dispersed in phase 

(CDP), e.g. with a circularly polarized rf-field (13). The 
reproduction accuracy of the phase structure of the flux of 
neutral particles by the electron flux is mainly defined by the 
projection t\Zm of the target area ( where the electrons are 
collected from) onto the z-axis and by the difference of the 
electron trajectory lengths in the magnetic analyzer due to the 
electron angular spread. 

For measuring the transverse emittance in the (X,X')-plane and 
the X-profile of the neutral particle flux ( and through them of 
the ion beam in the charge-exchange target area), the band-type 
photon target is localized within the (Y,Z)-plane and moves in 
parallel along the X-axis ( Fig. 4b). A computer simulation of the 
influence of boundary fields, inaccuracies in adjusting and 
manufacturing of the magnetic · dipole shows that electron 
distributions on the detector D.,1 along the X[axis are described 
by the expression 

Xd= a·X + b·X', (6) 

where "a" and "b" are determined only by parameters of the 
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Fig.4. Schematic of measurement apparatus. 
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a) 

b) 

analyzer chosen and can be defined in control experiments by means 
of a testing electron beam. The ion distribution in the 
(X,X' )-plane can be reconstructed according to the 
Xd-distributions of· the electrons on the detector for controllable 
characteristics of the photon target (defining a probability of an 
electron generating) and its position in the space ( X). At the 
same time the functional dependence of the integral electron flux 
on the detector upon the target position defines the beam profile 
along the X-axis. For a short time interval (e.g. during a pulse 
of the ion beam) a certain infomation on the ion distribution 
over the (X,X')-plane can be obtained by means of several 
band-type photon targets fixed in space, created and separated 
from each other along the X-axis by diaphragming a laser 
radiation. The distance between them (ax) is defined by1 a 
condition of the electron distributions overlapping on the 
detector along.the Xd-axis. 

A computer simulation of functioning of the apparatus allows to 
estimate its characteristics, for which a sufficient accuracy of 
measurements of the ion beam parameters is provided. For example, 
nonperturbative diagnostics of the above considered H- beam at the 
MMFL can be realized by means of the apparatus (see Pig.4) with 
<p = -n:, R= 200 mm, L1 =L2 =0, Dm= 40 mm, spatial resolution of the 
detectors M"' 1:,.y.., AX"' 0. 1 mm, OX,. 1. 3 mm, f:.Z"' ~ 20 mm ( energy 
spectrum, profile, transverse emittance) or f:.Zm~ 1 mm (phase 
analysis, longitudinal emittance). A value of magnetic field of 
such an electron analyzer is H = 110 Oe. For a precise operation 
of the apparatus spatial position of the band-type photon target 
should be controlled with accuracies of acx>,., a(Y)~ 0.1 mm, a(X)"' 
a(Y) ~ 3 mrad. Moreover, the background magnetic fields Hb should 
be well.shielded off, as well as required accuracy of the magnetic 
field magnitude Hin the analyzer (Hb~ aH ~ 3·10-4 ·H). A number of 
H(2s) atoms passing through the photon target during a pulse of 
the ion beam(~,~ 100 µs) is estimated of~ 3·107

• For such a flux 
of information carriers, a frequency of the beam pulses f= 100 Hz 
and by forming the pulsed ( V•• 10 ns, N2-laser) photon target, 
synchronized with the beam, with a power of ,., 300 kW/pulse the 
measurements of the ion beam parameters during a time of ~m"' 1s 
can be realized .. In a charge-exchange area at the LAMPP (Et= 800 
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MeV) the above tonsidered apparatus allows to realize more 
operative diagnostics of the beam (through the intensive flux of 
H0 atoms in 1s-quantum state) and without detriment to the 
measurement accuracy. 

Conclusion 

The peculiarity of the considered diagnostic method is that the 
information on the beam parameters is taken out via fast neutral 
particles and then is passed to the electrons in a convenient area 
outside the beam transport line. The maximum accuracy of this 
diagnostics can be achieved when electrons are mainly generated as 
a result of near-threshold photoionization of some quantum state 
of the neutral particles in a specially shaped photon target. An 
employment of the electrons at a last stage of an information 
reception on an ion beam allows one to realize the diagnostics by 
means of a compact multifunctional apparatus. The proposed 
diagnostic method is most convenient in bending areas of a beam 
transport line with a charge-exchange control over fluxes of high 
energy particles. In this. paper we considered the simple apparatus 
based on the magnetic analyzer which allows one to realize 
nonperturbative control· of various beam parameters with a 
sufficient accuracy in the charge-exchange H-➔ P injection area of 
mes'on · factory storage rings. This was not our purpose to find a 
type of electron analyzer and its parameters for realization of 
the maximum possibili tie.s of the considered diagnostic method. The 
results of the computer experiments allow one to optimize the 
photon target for an information transfer on ion beams to 
electrons through a flux of fast atoms in the ns-quantum state 
(n= 1,2, ••• ) with maximum accuracy. The considered apparatus can 
be also used in areas of high-energy H- linacs with intermediate 
extraction of a part of the beam into a separate transport line of 
protons or H

0 atoms. For a small energy or more heavy ions a 
diagnostic apparatus based on electrostatic analyzers of electrons 
can be preferable. 
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