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PHOTOOETACHMENT NOW* 

Joel H. Fink 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

Abstract 

To illustrate the feasibility of photodetachment, 
describe a conceptual design of photo-neutralizers 

for 0.5 and 3.0 MeV deuterium beams. The negative 
ions are stripped in optical cavities using large 
mirrors with higher than 99.99% reflectivity. The 
neutralizers are illuminated by an array of Nd:YAG 
slab-lasers emitting about 30 kW/m of light per unit 
length, while the mirrors are exposed to an irradi-
ance of the order of 100 MW/m2. Details of the 
photodetachment ce 11 s 1 and the 1 aser conf i gu-
rations 2 ,3,4 have not been resolved. 

Analysis 

Several years ago 5 photo-neutralization was 
proposed as a means to form neutrals out of high 
energy negative deuterium ions. In the interim, 
mirrors with absorptivities of less than 10-4 for 
light of 1 ~m wavelength have been deve1oped,6 
making photodetachment a creditable concept today. 

Consider the photo-neutra1izer7 shown in 
Fig. 1. It consists of Nc cells (3 are shown) 
connected in series. Each cell is illuminated by 
NL (1 to 4) lasers, located at points A, 8, C and 
lor 0 shown in the figure. The laser beams have a 
thickness a, width b extending into the page and 
they emit light at an intensity of tL (W/m2). 
The incident negative deuterium ion beam, of heigth 
Xo and width b. is exposed to the light at an 
average intensity of t (W/m2) over a path length 
Zoo 

The photons strip electrons from the negative 
ions 8 at a rate corresponding to: 

dl 
= .!L ct>·1 (A/s) 

dt hI 
(1 ] 

where I is the negative ion beam current, hf the 
photon energy and 0 the photodetachment cross 
section. 

Over the wavelength of interest, the 
detachment cross section is approximate1 y9: 

·21 
(18.3 x 10 ) 

3 
(0.70 + E) 

photo-

(2] 

In which the energy of a photon of wavelength :\ 
I'm is: 

hI = 1.24/:\ (eV) 
(3) 

and the photon energy in excess of the 0.75 eV which 
binds the electron to the negative deuterium ion is: 

E = 1.241A - 0.75 (eV) [4] 

Introducing the ion velocity, 'v = dz/dt, into 
Eq. 1 and integrating over the neutralizer length 
Zo gives the fraction of neutrals in the beam as 
it leaves the photo-neutralizer: 

[5] 

in which the optical line density of the neutralizer 
is defined by: 

Zo 

Sr = f ct>·dz (W/m) 
[6] 

o 

From Eqs. 5 and 6, the optical line density of a 
cell neutralizing a fraction F of a 0- beam is 
found to be: 

where the velocity of the ions is: 

( )

1/2 
2 eV 

v = --. m (m/s) 

and from Eqs. 2, 3 and 4: 

hI = 53.3 (J/m2) 
a 

[7] 

[8] 

[9] 

When the laser beam of intensity tL (W/m2) 
enters the photodetachment ce 11 , the 1 i ght is 
reflected n times, back and forth across the ion 
beam path. As a result, the ion beam is exposed to 
a line density of: 

which equals: 

[ 11] 

Assuming that, in the 1 imit. Rn 1/eo 
(where eo is the base of natural logarithms). the 
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optical gain of the photo-neutralizer is approxi
mately: 

1 - R/e
o G = 

1 - R 
[12] 

whereby the optical line density of the neutralizer 
cell is: 

[13] 

From the above, the laser power per m of beam 
width needed to excite the neutralizer, is: 

(W/m) [14] 

whi 1e the average power incident upon each of the 
mi rrors, i. e., the i rrad i ance of the top and bottom 
mirrors is: 

~I 
2 

(W/m) 
[15] 

The efficiency of the neutralizer can be 
evaluated by the ratio of the power required. to 
operate the neutralizer with respect to the power of 
the neutral beam. If £ is the laser efficiency, the 
power it takes to operate the neutralizer equals: 

[16 ] 

or from Eq. 14: 

[17 ] 

Meanwhile, the power of neutral beam equals: 

[18] 

in which Jr (A/m2) is the current density of the 
negative ion beam. 

Thus the ratio of the power consumed by the 
neutralizer with respect to the power of the neutral 
beam is: 

[ 19 ] 

Evaluation 

Qptical Line Density: 

The optical line density needed to generate a 
neutral fraction F in a negative deuterium ion beam 
is shown in Fig. 2, as determined from Eq. 7. To 
neut ra 1 i zer 95% of a .5 MeV beam wi th photons of 
1 I'm, the line density must be l.11 GW/m, while to 
obtain the same fraction of neutrals in a 3 MeV 
beam, 2.72 GW/m are needed. 

The line density could be reduced if a lower 
neutral fraction was acceptable. At a neutral 
fraction of 75% for instance, the required line 
density is half that of 95%. 

2 

Number of Slab Lasers: 

The number of Nd:YAG slab lasers needed in a 
photo-neutralizer, per Eq. 14, depends upon the 
desired neutralizer line density, the laser output 
per unit width and the optical gain of the 
neutralizer. Meanwhile, the number of lasers used 
in the neutralizer equals Nc (the number of 
neutralizing cells) times NL (the number of lasers 
in each cell). 

Assuming adequate cooling, a Nd:YAG- laser should 
be capable of continuously emitting 300 W/cm2. 
Thus a cooled slab laser, .01 m thick, should emit 
[PL/b] 30 kW per meter of slab width. In 
accordance with Eq. 14, the number of lasers needed 
to neutralize 95% of 0.5 and 3.0 MeV negative 
deuterium beams are shown in Fig. 3 as functions of 
the optical gain of the neutralizer. The gain, per 
Eq. 12, is given in Fig. 4 as a function of the 
mirror reflectivity. 

It can be seen in Fig. 3 that 6 lasers, in 
conjunction with mirrors of 99.99% reflectivity, 
provide a neutral fraction of 95% in a .5 MeV 0-
beam while only 3 are needed with mirrors of 99.995%. 
Similarly, 14 lasers, coupled with mirrors of 99.99% 
reflectivity, are needed for a 3 MeV beam, while 7 
lasers are required with mirrors of 99.995% 
reflectivity. As far as these calculations are 
concerned the distribution of the lasers, i.e., the 
number per cell and the number of cells, is 
arbitra ry. 

Neutralizer Length: 

The overall length of the neutralizer is 
inversely proportional to the maximum irradiation 
which the mirrors can tolerate ~I (W/m2). 
Allowing for small additional losses, mirrors of 
99.99% reflectivity must have an absorption of less 
than 10-4 . Therefore, a mirror capable of disssi
pating a continuous 1 kW/cm2 , as described in 
Ref. 2, should be capable of withstanding a cw 
irradiation of slightly more than 100 MW/cm2 . 

Fig. 5 shows neutralizer length Zo (m), 
calculated per Eq. 15, for the neutralization of 95% 
of 0.5 and 3 MeV deuterium beams as functions of the 
mirror irradiance ~L. To accommodate an irradi
an.ce of 100 MW/m2 , assuming a mirror reflectivity 
of 99.995%, a neutralizer 5 (m) long is needed for a 
0.5 MeV beam, and a neutralizer 14 (m) long for a 
3 MeV beam. 

Neutralizer Efficiency: 

The ratio PN/PNI, equal to the power needed 
to operate the photo-neutralizer per watt of neutral 
beam power, is determined by Eq. 19. The value 
[PN/PNI]·Xo is shown plotted in Fig. 6 as a 
function of the neutralizer gain. The data shown is 
for negative ion beams whose current density is 
60 A/m2 , lasers of 4% efficiency and neutralizers 
that provide a neutral fraction of 95%. 

With mirrors of 99.99% reflectivity, and a 
.5 MeV beam, PN/PN8 equals .15 divided by Xo. 
while for a 3 MeV beam, it equals .06 divided by 
Xo. This is very satisfactory for beam heights of 
1 III or more, and it is even better with mirrors of 

99.995~ reflectivity. 

Conclusions 

There is no Question about the desirabi lity of 
photo-neutralization for the formation of high 
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current, high energy neutral beams. They can 
generate a high neutral fraction, they are efficient 
and, the higher the current and the energy, the more 
efficient they become. Furthermore, they mitigate 
the serious pumping problems associated with gas or 
plasma neutra 1 i zers. However, they do enta i 1 
development effort. 

Fortunately, much of the work is being conducted 
by other programs. This includes advances in Nd:YAG 
slab lasers as described in references 2, 3 and 4. 
However, a special program is needed to develop a 
laser specifically tailored for photodetachment. 

Mirror technology already makes it possible to 
fabricate mirrors of higher than 99.99% reflectivity. 
As stated in section 5.5.3 of reference 6, "Coating 
mirrors up to 2.5 m in diameter is an engineering 
issue, not a scientific issue." Such mirrors may be 
expensive, but they are do-able. 

The one goal peculiar to photodetachment that 
requires special attention is the very high gain in 
optical line density needed in the neutralizer. 
Before cutting metal and proceeding with an 
expensive experimental program, advanced computer 
studies of photodetachment cell designs should be 
conducted to investigate interference effects, study 
diffraction losses and establish the ideal 
theoretical mirror contours. Then a scaled down 
model of a photodetachment cell could be bui It and 
tested. 
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Fig. A photo-neutralizer consisting of 3 units with each unit illuminated by 
1 to 4 Lasers located at A, B, C and/or O. 
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Fig. 2 The required optical line density as 
a funttlon of the desired neutral 
fraction (per EQ. 7). 
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Fig. 3 The number of Nd:YAG lasers that neutralize 
95% of 0.5 and 3 MeV Deuterium Beams (per 
Eq. 14). 
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Fig. 5 The overa 11 1 ength of the neutra 1 i zer 
needed to neutralize 95% of 0.5 and 3 MeV 
deuterium beams as a function of the mirror 
irradiance (per Eq. 15). 
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Fig. 4 The optical gain of the neutralizer as a 
function of the reflectivity of the mirrors 
(per Eq. 12). 
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Fig. 6 The ratio of the neutralizer power with 
respect to the neutral beam power,' times 
the he i ght of the neutra 1 beam, Xo (per 
Eq. 19). 
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