
MASTER 
PREPRINT UCRL- 79927 

rka^-^W-kV 
Lawrence Livermore Laboratory 

EFFICIENT PRODUCTION OF NEUTRAL BEAMS BY PHOTODETACHMENT OF NEGATIVE IONS 

J . H. Fink 
G. W. Hamilton 

August IS , 1977 

This paper was prepared for submittal to the Proceedings of the Symposium on the 
Production and Neutral izat ion of Negative Hydrogen Ions and Beams, 
September 26-30, 1977, Brookhaven National Laboratory, Upton, N. Y. 

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be made 
befc-o publication, this preprint is made available with the understanding that It will not be cited or reproduced 
without the permission of the author. 

i«i**" < B W e » . 
'^^^JSIffig* 

OlSTRIFil ITION OF THIS DOCOM-ENJ IS UNLIMITED 



EFFICIENT PRODUCTION OF NEUTRAL BEAMS BY PHOTODETACHMENT OF NEGATIVE IONS 

J. H. Fink and G. W. Hamilton 

University of California* Lawrence Livermore Laboratory 
Livermore, California 94550 

—NOTICt-

£21***™™'?'' °' KUtKiiii th*i | | , we WouM not inmnje prtwttly owned t%ht>. 

Abstract 

A neutral fraction approaching 97% can be 
attained by photodetachment of negative ions if 
the photon density and thickness arc adequate. 
This high efficiency of neutralization is desir
able not on])' because of the improvement in power 
balance and power efficiency but -ilso because of 
the increase in the useable beam current per mod
ule. Only modest improvements in commercial 
solid-state lasers are required to fulfill the 
requirements of a photodetachment cell for a 
fusion reactor. The wavelength of 0.85 x 10"^ cm 
is suitable with respect to the photodetachment 
cross section, the performance characteristics of 
present-day lasers, and the high reflectivity of 
the mirrors required for the optical cavity. 
Improvements may be possible by using resonances 
in the near ultraviolet region to enhance Che photo-
detachmeni cross section. We have conducted three 
reactor-design studies and have found that the 
required laser power is only economical for large 
injection systems in which hearns of several hundred 
amperes are passed through a single optical cav
ity for photodetachment. The method is not eco
nomical for smaller systems. 

Photodetachment 

sufficient intensity, because these mechanisms do 
not ionize the neutrals after the outer electron 
is removed. In addition to enhancing the power 
efficiency, the improved neutralization increases 
the useable beam per injector module and reduces 
the number of nodules required. 

We can easily evaluate the conditions neces
sary for obtaining a high percentage of photo-
detnehraent in a negative i Q n beam.^ Given D~ A 
of a negative deuterium-ion beam, traveling 
through a region illuminated by G (W'crn"2) of 
light of the proper wavelength \ Q , photodetach
ment will occur at some rate p per second per 
incident ion such that: 

dD 
dt 

With the ions traveling at 

v = dz/dt 

"Ix (1) 

nifnrm velocity, 

(2> 

over a path length 1., the fractions of beam neu
trals range from zero at the start to n>; at L. 
Integrating the above equations and using the 
stated limits, we find that: 

Several methods have been proposed for con
verting high-energy, negative ions to neutrals by 
electron detachment. Collisional detachment in a 
gas, vapor, or plasma cell is the most obvious 
procedure. The conversion efficiency of these 
processes depends on the ratio of the collisional, 
electron-detachment cross section o_jn to the col
lisions)., ionization cross section OQ± of the 
neutrals. Although efficiencies of from 65 to 80% 
have been measured, these processes are undesirable 
because they introduce an additional gas load into 
the injector line. 

Theoretically, we can attain higher conver
sion efficiencies with intense electric fields in 
an rf cavity or with photodetachment in an optical 
cavity. Conversion efficiencies approaching 100% 
can be obtained with rf or optical radiation of 

N 1 exp (-(P/v)L). 
At an energy eVo, the ion velocity is 

U/2 

n> 

(4) 

while the photon flux density for light of wave
length XQ is 

4> = : — A - (photons-cm 's ) . (5) 

Assuming the photodetachment cross section to be 
0-, we can describe the frequency of detachment as 
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' * a n (6) 

Combining these relationships with Eq. (3), we 
find the "thickness" of light GL (W«cm - 1) neces
sary to strip a fraction TI of the n itive ions 
In the bean is: 
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(7) 
When we use an array of solid-state, gallium 

arsenide, lasers whose light output is such that 

which corresponds, to a stripping cross aection of 

(cm /photon) (9) 

for a deuterium beam, we find 

3 1/2 GL « 5.8 * 10 VQ

f log ( r ^ ) <*-•* ) , (10) 

where TJND represents the fraction of neutral deu
terium In the beam. 

Optical cavity 

To enhance the effectiveness of the photode-
tachment process, we want to expose the ion beam 
to light in a suitably designed optical cavity 
(Fig. 1 ) . 

The cavity consists of two concave mirrors 
facing each other (width M and length B) and lined 
on each edge by two columns of lasers (width a and 
length b ) . The lasers operate at a 12.5% duty 
cycle with a pulse duration of several microseconds 
The columns are fired in sequence to permit con
tinuous exposure at peak output. If we assume a 
peak pulsed output of w f l (W*cm~ 2) from the laser 
column at an electrical efficiency (optical watt 
output to electrical watt input) of n e» the power 
required to operate the photodetachment cell is 

rpd <aB)/n (W). (12) 

Because of the difference in velocity as 
compared to neutral deuterium, the neutralized 
fraction of a tritium beam with the same energy 
and when exposed to the s*une photon flux is 

<VVm 

V x - ( 1 - V • <u> 

In the cavity, the optical losses occur pre-
doainantly at the mirrors because of low ion-beam 
and background-gas .tensities. Therefore, we can 
assume that with a mirror of reflectivity R, N 
effective reflections will occur before the light-
beam intensity has decreased by a factor of 1/e. 
Thus, 

where n ^ is the fraction of neutral tritium in 
the beam. 

ThuB, a photodetachment cell that is 95% 
effective with deuterium ions will strip 97SE of a 
negative tritium-ion beam of equal energy. 

R" - 1/e (13) 

(14) 

Fig. 1. Optical cavity. 

The advantage obtained by the multiple reflec
tions can be described by 

Q - £ R = 0.63/(1 - R ) , (15) 

so that the effective light thickness of the cav
ity la 

GL » Q a u (w-cm" 1) (16) 

The power required for photodetachment is then 

(17) 

P . " 9.2 » 10 pd - ) * - ^ « -
(18) 

Thus, for an injector of N s sources, each 
delivering nNn_r*Vo(W), the power need for photo-
detachment per watt of neutral beam is 



(19) 

For 23 sources, with geometries such that the 
ratio of the laser column length (B <= 210 cm) and 
the total ion-beam current (420 A) is B/l + = 0.5 
(cm*A~l). With solid-state lasers of efficiency 
n e = U07. and a mirror of reflectivity of R = 99.'»%» 
the power need of photodetachment is 

iirh H- (20) 

Laser performance 
2 

Commercial, gallium arsenide lasers deliver 
a peak 52 W of light at a 42 duty cycle from an 
emitter 0.08 * 0.64(cm 2). The emitter has 15 
laser chips, mounted in a series along the 0.64-cm 
dimension, and requires 6-A forward current at a 
typical 31-V drop. This corresponds to 282 effi
ciency and an average power dissipation of 
0.1(kW"cm~2) over t:he emitter surface. 

This power dissipation is not excessive with 
laser cooling by liquid nitrogen at 77 K. Develop
ment of lasers that can operate at higher temp
eratures would be an improvement. 

Large divergent beam angles are a disturbing 
feature of so.id-state lasers. The commercial 
laser discussed here has a typical half-angle that 
encloses 902 of the beam output of QQ = 21*. To 
keep the beam within the cavity during N reflec
tions across a separation A, the beam half-angle 
must be altered such that 

2M. (21) 

A reasonable value for 0 U Is 0.05°. We propose to 
use a sequence of cylindrical lenses^** (see 
Fig. 2) with a length equal to the 210-cm beam 
width. Because the light originates at the N-P 
junction in the laser, the lenses will be diffrac
tion-limited and must be such that width 

*JK 0.098 cm. (22) 

There is adequate room for a single column of 
0.043-cm-wide chips behind each ler.s in the laser, 
A laser consisting of 15 chips (similar to those 
described but capable of operation at 40% effi
ciency) will deliver 75 W with the same input power. 
If we assume each chip occupies 0.08 * 0.098 cm, 
the 15 chips will require 0.08 * 1.47 cm. This 
corresponds to a peak output of Qa = 0.64 kW-cnT 2 

over the laser surface. This incurs a power dis
sipation of only 0.12 kW»cm2 at a 12.5% duty cycle. 

From the previous analysis, we find that a 
130-keV, deuterium-ion beam passing through an 
optical cavity of 99.6% reflectivity requires a 
laser output of 

fox 95% photodetachment, If we assume 402 effi
ciency, the power required for photodetachment is 

(W), 

and the width of the laser column must be 

(24) 

(25) 

Therefore, the laser column will consist of a 
series of 684 chips. With 6 A for every 0.08 cm 
of chip length, the forward current is 75 A/cm of 
column length. If we allow 31 V/15 chips, there 
is a total drop of 1400 V across the laser column. 

Mew laser developments 

This design has not been tested and will soon 
become obsolete because of new developments in 
loser physics. Following are two new developments 
that will affect future designs for photodetachraent. 

1. The radiation hardness of GaAs laser 
diodes can be significantly increased by 
expanding current density to the maximum 
allowable value, thereby increasing the 
radiation lifetime of the laser diodes to 
a cumulative fluence of 6.4 * lO^/cm^ 
(see Ref. 5). 

2. Recent measure 
show that the cross section for phot,i-
detachment of P~ ions is improved by one 

i 

pd 
; 4.27 x l<f B (W), (23) Fig. 2. Lase~- and iena assembly. 



or two orders of magnitude by retuning 
the laser to a narrow Feshbach of about 
11 eV, rather than the broad maximum of 
1.5 eV. Although this Improvement will 
greatly reduce the photon flux require
ment, additional work is needed at this 
photon energy to attain the required 
efficiency and reflectivity. 

Conclusions 

In evaluating photodetachment for three of 
our reactor-injector designs, we have found that 
this technique is only economical for large 
systems in which several hundred amperes of beam 
current are passed through a single optical cavity. 

Overall Performance 

In Table I, we compare the performance of the 
photodetachment cell with the performance of a 
vapor-stripping cell design. The alternative has 
a similar beam line-but has a vapor-atripping cell 
rather, than a photodetachment cell. The beam line 
without photodetachment costs approximately 502 
more and has an operating efficiency about 102 
lower than the design presented here. 

Table I. Comparative performance of photodetachment 
and stripping cell for neutral beam 
inlector of 1800 A and 150 ' keV DO, 

Photo
detachment 

Vapor-stripping 
cell 

Neutral current per 
ion source, A 79.8 46.2 

Total number of 
ion sources 23 39 
Estimated cost of 
power supplies per 
injector $103 x 1 0 6 $169 x io 6 

System efficiency, % 81.2 73.0 
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