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Introduction
A novel, nonobstructive diagnostic technique for high energy

H~/D~ ion beams is described. This scheme employs spectroscopic tech-
niques designed to measure beam profile, perpendicular velocity spread
(i.e., divergence), arid orientation of multiMeV H~ beams. The basic
principle of this method is to photoneutralize a small portion of the
H~ beam in a way such that the photodetachment process results in the
formation of excited hydrogen atoms in the n-2 levels. Observation of
fluorescence from spontaneous decay of H*(2p) and/or induced decay of
H*(2s) can be readily used to determine beam profile. Doppler broad-
ening measurements can be used to determine velocity spread from which
beam emittance is calculated. Figure 1 shows a possible system

set-up. With off-
the-shelf instruments
resolutions of 1 mm
for beam profile and
2 x 10"^ if cm-mrad
are posible. For
photodetachment, the
best commercially
available laser is
found to be ArF
eximer laser. The
analysis is performed
for the 200 MeV BNL
Linac. The laser,
which has a pulse
duration which
is of 10"5 of the
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Fig. 1. Schematic
system.

a negligible beam loss.

of a possible experimental
linac can produce
sufficient signal at

In addition, measurements of minute Doppler
shifts of this Lyman-Alpha radiation by a spectrograph could in prin-
ciple resolve beam direction to within 1.57 urad.

The process under consideration H~ + hv + H*(n-2) + e~ has a
resonance known as the shape resonance. As the following literature
review indicates, the total cross section is known and there is a
reasonable agreement between theory and experiment. There are no
experimental measurements of partial cross sections. Nevertheless,
there are theoretical estimates which agree within 15%.

Partial Cross Sections in the Shape Resonance
The threshold for production of H*(n-2) lies at 10.959 eV. The

most reliable calculations of its position are probably those of Broad
and Reinhardt1 and Taylor and Burke2 as analyzed by Macek and Burke.3

Broad and Reinhardt find that the shape resonance lies at 10.977 eV,
18 meV about the n-2 threshold in excellent agreement with Taylor and
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Burke. Thus, the photon energy required to excite the peak of the
shape resonance Is E n V - 10.971 eV and the wavelength is A • 1130.1 A
» 113.01 nm. The position of this resonance relative to the *P
Feshbach resonance below n-2 has been confirmed experimentally by
Bryant, et al.*1, but the absolute position was not measured.

According to Broad and Reinhardt1 the cross section at the peak
of this resonance is 3.4 a2 (9.5 x 10" 1 7 cm2) and the width Is 15 meV.
Taylor and Burke2 find a width of 14 meV in good agreement, but do not
calculate a cross section. The experiments of Bryant, et al.1*"5 do
not determine absolute cross sections, but when their data are
normalized in the low energy continuum so as to agree with Broad and
Reinhardt's value there, the measured cross section at the peak of the
shape resonance is completely consistent with theory. Thus, the best
values to take are probably the theoretical cross section, o * 9.5 x
10" 1 7 cm2 and the measured width AEhv - 23 meV or AA - 2.4 A.

We now turn to the partial cross sections o^g, o^g and Oj . The
only attempt to calculate these cross sections separately was made by
Hyraan, Jacobs, and Burke.6 Even though their theory was incomplete,
Macek has argued7 that the results should be fairly insensitive to the
absent effects. Furthermore, their sum is in almost exact agreement
with his total cross section. Unfortunately, It is not clear how to
do the scaling correctly as the partial cross sections do not all vary
with energy in the same way. Instead, consider the peak cross
sections which have the ratio °2TJ : 0I S

: O2S * 4:3:1. In the absence of
any more detailed knowledge, it is not unreasonable to suppose that
the true partial cross sections are related in roughly the same way.
We therefore take the following values

a_ » 4.8 x 10" 1 7 cm2 (1)
Zp
a2g - 1.2 x 10"

1 7 cm2 (2)
als - 3-6 x 10"

1 7 cm2 (3)
These values are qualitatively consistent with Broad and Reinhardt's
"very reasonable estimates" (Fig. 6 of Ref• 1) which give o2s

 + 0 2 D *
6.4 x 10" 17 cm2 and olg - 3.1 x 10"

1 7 cm2.

Laser Wavelength and Power
The 200 MeV BNL Linac has the following output:8 beam current 25

mA, pulse length 0.5 msec. The beam has a circular cross section with
a radius of a O cm. The transverse emittance e « e = 0.5 IT
cm-mrad (at 90%), and Ap/p ~ 0.5X.

In order to excite the shape resonance, a 113 nm laser is
required for a cross beam experiment. At this wavelength only very
short pulse moderate power lasers exist.9 However, for fast H~ beams,
other lasers can be used. If the wavelength of the laser is AQ, we
can use the Doppler shift to give the required 113 nm In the frame of
reference of the ion beam by correctly choosing the angle between the
two beams. Following Fig. 1, let the angle be 6, i.e., 9=0 means the
beams are parallel. Then the correct angle is given by

cos6 » I [1-(A /113Y)] (4)
P

where 8 • u/c and Y*(l-B2)"1/2 are the usual parameters of relatively.
In our case of a 200 MeV H" beam give B-0.566, Y-1.213. The possible
laser wavelengths for exciting the shape resonance In this beam lie
between 214 nm (6-180) and 60 nm ( 8-0) as calculated from Eq. (4). In
this wavelength range, the ArF eximer laser operating at 193 nm, for



which the correct angle for Doppler tuning is 9*136.1° is best.
When an H~ beam undergoes photdetachment, its current reduces as

I - I o exp (-arr) (5)
where a is the total photodetachiaent cross section, T is the interac-
tion time and T (photons/cm^sec) is the photon flux. If the value of
the exponent of Eq. (5) reaches I, only exp(-l) or less than 37% of
the ions are left intact and over 63% of the beam is stripped. For
exponent values approaching 3 to 4, the beam can be considered as
being fully stripped.

Commercially available ArF lasers have a beam width of £ 10 cm,
and their orientation 9 ~ 136°. This means that a laser faces the H~
beam at 44° off the beam axis. Therefore, the interaction length,
which is the beam length illuminated by the laser is equal to 10 cm/
sin(180-6) * 15 cm. Since the beam 3-0.566, the interaction time over
that length is T ~ 1.2 nsec. The total cross section a for the shape
resonance is about lO"1^ cm"2. Therefore, in order for OTT to exceed
unity, the photon flux needed is T > I/or, hence; r .> 8.3 x 1021* pho-
ton/cm 2-sec. This corresponds to 8.5 MW/cra2. The current distribu-
tion of the H~ beam is not known, but it is probably Gaussian. There-
fore, it is sufficient to illuminate 1 cm of beam height to expose
practically all the H~ ions to the laser light. Thus, one of the
laser beam dimensions would be focused to 1 cm. Since the unfocused
beam dimension is 10 cm, the total area to be irradiated•is 10 cm2.
Consequently, the laser power needed to photodetach the vast majority
of H~ ions is 85 MW. ArF lasers have demonstrated power levels over
100 MW for up to 50 nsec. Maxwell Laboratory, Inc. can make e-beam
driven versions of these lasers with 5 usec pulse durations.

Lyman Alpha Emission from a Relativistic Beam
The 2p-ls decay wavelength is 121.6 nm in the rest frame of the

atoms. Thus in the laboratory frame the observed wavelength depends
on the angle of emission relative to the beam velocity in the follow-
ing way

X =* 121.6 Y(l - S cos6) nm (6)
where again 9=0 corresponds to the direction parallel to the particle
beam. In our example of a 200 MeV beam, the decay radiation spans the
large wavelength range 64-231 nm. There is also a relativistic modi-
fication of the intensity distribution; the low energy probability of
decay at an angle 6 into solid angle d& is multiplied at high beam
energy by the relativistic factor R

R - l (7)
Y(l - 3 cos9)

For detection in the transverse direction (6»9O°), A-147.6 nra and
R-0.833 for the BNL Linac beam. Applying 85 MW of ArF laser of 50
nsec duration to a linac pulse and using Eqs» 1-3 the number of atoms
which can radiate is about 5 x 109 H*(2p and 2s)/pulse at a negligible
H~ beara loss (10~s). The decay length (induced and spontaneous) of
these atoms is about 32 cm. For bean profile and emittance measure-
ments, diagnostic instruments will be sampling a solid angle of 10"1*
sr (a spectrometer with 1 cm2 aperture 1 m from the beam or detector
with 1 mm2 aperture at a distance of 10 cm). Thus, the signal into
each instrument or detector for a 1 cm length sampling of the beam is
5 x 10 9 x 10~" x 0.83/32 - 1.3 x 103 photons/pulse.

Emittance and Beam Profile Measurements
Deriving a rigorous expression for a relation between Doppler



broadening and emittance which accounts for both kinematic compression
and relativistic effects would be exceedingly complicated. Even ob-
taining a numerical solution may be at best nontrivial. The expres-
sion relating transverse emittance to perpendicular temperature T^ for
laminar cylindrical beams whose particle trajectories can be described
by a paraxial ray equation exists.10 The MKS form of this equation

3 W e . r2,
kT, - 2 a° 2 [1 - Ij] (8)

Fortunately, Eq. 8 applies to the BNL Linac beam. The Doppler broad-
ening formula is

i* = 7.15 x 10"7 (T,) 1 / 2

A l (9)

Combining Eqs. 8 and 9 at r = 0
e = 9.66 x 102 — ' (10)

A

where e is in cm-rarad. There are off-the-shelf spectrometers for this
wavelength (1475.8 A) with a 0.1 A resolution yielding emittance mea-
surements to within 2.08 x 10" 2 IT cia-mrad. With superior and expen-
sive technology, the emittance resolution can be easily improved by
two orders of magnitude.

Beam profile can be measured by collimating the fluorescence to
sample only 1 mm height (or less) of the beam and observing relative
intensities. Detection can be done with either channeltrons or photo-
multiplier tubes with magnesium fluoride windows (MgFo has 852 trans-
mittance for 147.6 run). Thus for the calculated signal levels with
detectors placed 10 cm from the beam, a 1 mm resolution in beam pro-
file is trivial. In cases where the H~ beam is deflected, the atomic
particles distribution can be measured with a position sensitive de-
tector directly.

Measurements of Minute Doppler Shifts in Lyman Alpha Due to Small
Angular Changes in Beam Orientation

Taking the derivative of Eq. 6 for very small angular changes
(using A for general notation) AX = dA - A YB sin8 d6 = X y& sin8 A9.
Dividing this expression by Eq. 6, one obtains

AX . B sine Afl

X 1 - S cos8

To measure minute Doppler shifts, detection devices must be oriented
at the so-called "magic angle" determined when cos9»B in order to
avoid AB broadening. For our 200 MeV beam, this occurs at 6"-55.5°.
At this angle (Eq. 6), the Lyman Alpha radiation has a wavelength of
1926.66 A. Spectrographs with AX/X ~ 10~5 would yield A9 - 1.57 x
10"° rad. McPherson Instruments, Inc. can modify one of their spec-
trographs 9(model 265) to perform such a measurement.
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