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Abstract. In the last 5 years, significant technologgvanceshave beenmade in the
performancesize,andcost of solid-stateliode-pumpedasers. These developmemtsable the
use of compac-switched Nd:YAGlasers as a beam diagnostic fagh current H beams.

Becausdhe threshold foiphotodetachment i®nly 0.75 eV,and the maximumdetachment
cross section is 4 10" cn? at 1.5 eV, A 50 mJ/puls&-switched Nd:YAGlaser can
neutralize a significant fraction dfie beam in a single 10 mgde pulse. The neutrabeam

maintains nearly identical parameters as the parehebin, including sizedivergence, energy,
energy spreadand phasespread. A dipolenagnetcan separatthe neutral beam from the™H
beam to allow diagnostics on the neutral beam without interceptinigighecurrent H beam.

Such alaser systemcan also beused toextract alow currentproton beam, or tanduce

fluorescence in partially stripped heaeyn beams. Possible beamlidegnosticsystems will

be reviewed, and the neutral beam yields will be calculated.

INTRODUCTION

Lasersystemshave been iuse athe Los Alamos LAMPF800 MeV proton linac
and on various low-energy Heamlines since about 1980 to do research or diagnostics
on the accelerated Hoeam. The basis forthesesystems isthat thethreshold for
photodetaching an electron is ab@ut5 eV,and the photodetachmentoss section
rises to about 4 10" cn? for photons of about 1.5 eV (800 nm).

A Q-switchedlaser, when triggeredully discharges in &&w ns. Thus amall Q-
switched laserwith, say 50 mJ pulsenergy and 10 ns pulse length, has the
instantaneous power of 5 MW. Furthermore, a 50 mJ pulse at 106Mametength
contains over 2° 10" photons. Because the photodetachmertoss section is
substantial, a significaritaction of the beam can be neutralizkding the lasemulse.
The Q-switched laser beam can eithelfdmised toselect a thin slice of theeansverse
beamprofile, or defocused toearly uniformlyilluminate the entirdoeam. Real-time
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measurements can be made on the extracted nedtlaarh to determine parameters of
the H beam.These parameters includensversebeamprofiles, beam current, and
even emittances.

In the photodetachmeptocessthe neutralized beam maintains nearly the original
phase-space parameterstltd H beamfrom which it was extracted. This Eecause
neither the lasephoton northe recoiling photodetached electroansfer significant
momentum to the Hatom. Thusthe transversespatial profile, transverse divergence,
emittance,energy,energyspread,and phase spread characteristicahef H and H
beams are the nearly identicBurthermore because the neutralized beam widit be
deflected by either electric or magndields, the H beam parameters can be deduced
from measurements dhe drifting neutrabeam,even after it is separated fraime H
beam by magnetic fields. Measurements on the neageah,even if totallydestructive,
will have no impact on the Hbeam from which it was extracted.

For high current Hbeams, such abke one being plannddr the 1 MW Spallation
Neutron Source dDak Ridge NationalLaboratory, lasephotodetachment of Hions
provides a way taneasure beam parameters that is neitiuptive to the primary
beam, nor destructive to the beam diagnostic.

THEORY

Photodetachment Cross Section

A plot of the photodetachmeilitripping) crosssectionvs. photon energy, in the
rest frame of the Hatom, is shown in Figure 1 (1-3).
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FIGURE 1. Photodetachment cross section of ¥$. photonenergy inthe H rest frame. The
threshold is at 0.75 eV (1650 nm). The maximum cross section occurs at about 1.5 eV.

Thethreshold is at aboul.75 eVand the peakross section, 4 10" cn¥, is at
aboutl.5 eV.Because the binding energy of the remaining 1s electron in the neutral
hydrogen atom is 13.6 eV, it will not be stripped by the laser.



Lorentz Transformation

Because Hbeams can baccelerated tenergies of 1 GeV amore,there is a very
sizable relativisticshift of the laserphoton energy to higher energies tie H rest
frame, often referred to as a “Lorentmost”. The photon energyE,, in the H rest
frame is related to the laser photon endfgpy the equation

Eaw = YE [1 —Bcos(BL)] M

wheref3 andy are the Lorentz parameters of thelldam, andj, is the laboratory angle
of the laser beam relative to the b&am.

Laser beam H  beam
_ H° beam
H beam lect
) electrons
— e e 44

FIGURE 2. Geometry for laser photodetachment.

PhotodetachmentYield

For a Gaussian-profilaser beanwith N, photonsintercepting aGaussian-profile
H™ beam of current, at an angle,, the yieldY, (number of neutrahydrogenatoms
produced per laser-Hbeam crossing) is given approximately by (4)
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where o, ando, are thetransverse rms sizes tife H and laser beams normal to the
plane of incidence, and, (E.,) is the photodetachmentosssection at photon energy
E., in the H rest frame.

The yield of photodetached H atoms for a 50 mJ 1064 nm Nd:YAG laser pulse on a
50 mA, 1 GeV Hbeam, using Egs (1) and (2) and the following parameters:

* @ = 85 (chosen to optimize both cross section and mirror angle)



* E,, =2.22 eV (Lorentz-boosted photon energy in rest frame df H
e fBc=0.875x 3x 10" cm/s (beam velocity)

e N_=2.68x 10" (photons per laser pulse)

* o,ando, =0.2 cm (rms width of laser and Beams)

e 0, (E) = 3x 10" cnt (photodetachment cross section at en&gy,

isY, = 1.25x 10° H® atoms per laser pulse (single crossing).

This technique canalso be used for low-energy (< MeV) H™ beams because the
detachmentrosssection(Fig. 1) is 3.5x 10" cnr at 1.17 eV (1064 nm). In fact,
because the yield is inversely proportiongBtthe yield is larger for low-energyeams.
In the %tgove example, if tfeeamenergy is lowered t@.5 MeV, the yield increases to
1.6” 10’ atoms.

Yield Enhancement

A variety of mirror configurations for reflecting the lassramthroughthe H beam
many times arepossible. The simplest configuration iswo parallel front-surface
mirrors. Another configuration is an internally-reflectiogindrical mirror with its axis
aligned along the beam. Also, an elliptical shaped internally-reflecting mirror (integrating
sphere) is possible. In theory, if the reflection coefficient is 1GPthe photonscould
be stored in the integrating sphere until they vestteerabsorbed byhe beam or exited
throughthe entrancaperture.The actual reflectivity of thenirror limits the number of
reflections to @ew tens or hundreds of time&nother practicalimit is that to take
advantage of the temporal resolution ofesty shortQ-switched lasepulse, which is
useful inmaximizing signal tanoise,the effectivephotonlifetime in themirror should
not exceed a few ns. An effectilifetime of 10 nscorresponds to a photgrath length
of about 300 cm, which represeisout 30 reflections inside a 10 cliameter mirror
assembly. Thus the optimum mirror assembly needs to reflect the laser beam through the
H~ beamonly about 30times, aneasily achievable number evemith modest
reflectivities.

Specifically, if the lasebeampasses througtihe H beamN times, the fractional
yield F,, of H° current is related to the fractional yiefd of a single crossing by the
relation

Ry =1-(1-F)" ONF, 3)

where the approximation is true when the depletion of theelim is not significant.

In the first example above, the averadéoklam “current” during a 10 ns Q-switched
laser pulse is about @A, or 4% ofthe H beamcurrent. Thus with N=1Qmirror
reflections, the total yield is about 17 mA (34% of thectitrent).

Backgrounds

There are two sources of background uniquely associated witled&ins.They are
magnetic stripping and residual gastripping. If not controlled,these stripping
mechanisms can contaminate gignal obtained by lasestripping. For high current,
high energy H beams,theseloss mechanisms camlso contribute to a significant



amount of activation. A beam loss of one watt ipeter at 1 GeV can lead to activation
levels in the range of tens of mrad/hr.

A relativistic H beam can be stripped by the Lorentz-transformed magnetic field of a
typical beamline magnet. The theory of electric and magnetic field stripping bédins
is discussed by Sherk(5) and bgson(6). As aexample the stripping lossrate of a
1 GeV H beam in magnetitields of 0.3 T, 0.35 T,and0.4 T is 0.12, 7.4and 164
ppm per meter respectively.

A relativistic H beam caralso be stripped binelastic collisionswvith residual gas
atoms.The cross sections for this procdsave been evaluated l8yillespie(7). As an
example, the cross sections for stripping a 1 GeYddam in hydrogen and nitrogen gas
are about 1.2 and 8:910™° cn/atom, and scale approximately ag?1For a 1x 107’
torr (273 K) vacuumthesecross sectionsepresent strippingpsses ofabout0.08 and
0.6 ppm per meter respectively.

It is relevant here to mention the possibilityusing solidstate lasediodes, whose
instantaneous light output power is a fenatts, forbeamdiagnostics applications. The
Q-switched Nd:YAG laser example abdvas an instantaneous output power of 50 mJ
+10 ns =5 MW, and yieldseak photodetachment currents dew percent of the H
beam. Thus backgrounds of 1 ppm/meter fi@ther magnetic oresidual gas stripping
will create significant interference with any laser whose peak output is only adtea:
Thus although solid-stataser diodesnay beuseful as alevicefor extracting very
small average currents from a Meam,they areprobably not suitable as laeam
diagnostic.

EXPERIMENTAL APPLICATIONS

Characteristics of Commercially Available Q-Switched Lasers

Inexpensive shoebox-sized Q-switched Nd:YAG lassms produce 10 nong,
50 mJ, 1064 nm pulses (barmonics) at 68Hz. These unitsare totallyenclosed, and
can be installed directly on a beamline. T4 nmline is nearly ideafor general
diagnostics on Hbeamspecause of its proximity to the peak in the photodetachment
cross sectionThe 10 nspulse width isadequatefor many applications whergood
temporal response is required, and t@a be improved ihecessary by usingxternal
polarizers and Pockels cells.

Possible Experimental Layouts and Measurements

A generic layoufor alaser diagnostic ishown in Figure 3. In Figure 3he Q-
switched laser beam intercepts theblam at an angleé . A mirror assembly produces
multiple passes of the laseeam. Adipole magnet separates the neubeamfrom the
H™ beam. If a dipole magnet, such as in a bend, is not possible, then dipadakield
will deflect the detache@lectrons, whichcan be detectedAfter the neutralbeam
emerges fromhe dipolemagnet, itmay be foil-stripped to produce paoton beam. A
variety of beamdiagnostics forcharacterizing the resultaptoton beam arepossible.
Because the proton beam is low power, the diagnostic may totally intercept the protons.
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FIGURE 3. A generic arrangement for laser beam diagnostics.

A laser beanfor transversebeam diagnosticscan either be a thin “lasewire”,
neutralizing only a thin slice of the incident bkam, or intercept the entibeam(8—10).
The width of the lasemwire can be of theorder of0.2 or 0.4 mm. If used in high
dispersion region, inay bepossible to measutke H energyspread. Fomeasuring
the proton yield, possible proton diagnosticslude phototube-scintillatcassemblies,
Faraday cups, secondary-emission monitors,Because the photodetachment yield is
higher at low energies, lasargay be agood substitute fomtercepting wirescanners
which are particularly hard to use in low-energy, high dE/dx beams.

It may also be possible to measthie H phase spread hyetecting the rphase of
secondary-emission electrons frotine stripper foil (11). In this application, the
secondary emission electrons, whictaintain the temporatesponse othe incident
charged particlessan be accelerated into a rf deflecégnchronized tahe rf bunch
structure and through a slit to determine their rf phase to perhaps 15 or 20 ps.

Phase spread of heams can also be measured usingrowle-locked lasergl2).
In this method, very short laser pulssgnchronized withhe beanmicrostructure, are
used to neutralize 20 ps temporal “slices” of thenkicrobunches. These lasgrstems
usually require speciatlean rooms for the laseroscillator, amplifier, and pulse
compressor.

A very specific application ithe proposedSpallation Neutron Sourgaroject is to
measure the beam current in a 1.18 MHz, 280 ns \kigmchoppergap, whichmust
be lessthan abouD.3 pA (about 1© 107 of the 28mA, H™ beam).The lasersystem
can extract a neutral current of ab&ut0 pA from this gap for 1(0ns, equivalent to
about6200 particles. Thigan be measuredsing either charge or scintillatopulse
detection techniques to determine the cleanliness ofdpeThe very high dynamic
range and charge sensitivity required for the beam-in-gap measurement is also useful for
exploring the halo region of the primaogam. This is difficult measurement tonake
with normal beam profile diagnostics.

When measurement of the photodetacheti daom or proton is difficult,
measurement of the photodetached electrpossible. The electrorhasabout1/184¢
of the proton rigidity, and iseasily deflected into detectors lyeak magneticfields.
This techniquehas beenused inphotodetachmenexperiments.The photodetached
electron is easily deflected by space chdiogees in high current Hbeams, however,
so the electron signal cannot be analyfed obtaining accurate Hbeam emittance
information.



Resonances ithe photodetachment tota@ross section near then=2 threshold
(10.953eV) have beerused tomeasure H beam momenturand momentunspread
(13). Inthis experiment, a 50 mJ Q-switched Nd:YAG laser operati@p@tand 355
nm was usedBoth the Feshbach resonan¢&0.926 eV, width 3QeV) and theshape
resonance (10.975 eV, width 2%V) can baused for this measurement, although the
widths and strengths of these resonances are not optimum.

Under certain conditions, the H beam itself will fluoresce. Laser-induced
fluorescence of a 5MeV H° beamhasbeenobserved (14). If &#equency-quadrupled
Nd:YAG laser(266 nm wavelengthintercepts a 1 GeV Hbeam at99.2, the photon
energy in the Hrest frame isL0.975 eV.This isthe energyfor exciting then=2 shape
resonance, wittthe H’ final state being either the 2s or &ate.The crosssection for
the 2p final state is abodt5~ 10" cnr (15). The lifetime of the2p-1s transition is
about 1.6 ns (13), which Lorentz-transformt® a decay length3¢yt) of about 87 cm
in the laboratory(16). The crosssectionfor the metastable 2s final state is about 1
10" cn?, and can be quenched bging amagnetic field toStark-mix it with the 2p
state (14). The wavelength and angular distributiothefl21.6 nm 2p-1$luorescence
must be Lorentz-transformed back into the laboratory refeffeaee. Detection ofthis
laser-induced fluorescence may provide anoth#ernative to detection of the
photodetached electrons or protons for beam diagnostics applications.

CONCLUSION

Laser photodetachment can be used on high-current, high-enetggakhs to carry
out a wide variety ofbeam diagnostic measurements parasiticdllying normal
operation, without having toperate the facility at either reduced currentoty cycle.
Suitable Q-switched lasslystemsare inexpensive, small, andan be mounted on or
near the beamline. Most of the proposed laser-based diagnostics techniques have already
been demonstrated. Photodetachnuamt be measured by detecting either the detached
HO, the detacheelectron, or H° fluorescence. This method appears to be suitable for
low-energy (< 10 MeV) as well as high-energy (1 GeVpkeams.
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