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A User's View of the OMA Programs at NBETF 

1. Introduction 

Ed Theil 

Real Time Systems Group 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

LBID-577 

The OMA (Optical Multichannel Analyzer) programs at NBETF 
play an important role in establishing several critical 
performance parameters of a neutral beam injector by means of 
Doppler shift spectroscopy. In particular, they are the only 
method presently used at NBETF to resolve the beam into its 
component species of hydrogen or deuterium. In addition tOI 
providing detailed spectroscopic information, this technique 
- as opposed to beam-stopping calorimetry - is noninvasive. 

The basic idea behind the technique is to view the 
neutral beam at an angle as it passes through the 
neutralizer. Since the optical axis makes an angle with the 
particle trajectories, doppler shifted light is emitted 
relative to the rest frame wave length (of H-alpha). In fact, 
two views of the beam are recorded, one in a plane parallel 
to the accelerator slots, looking upstream, the other in a 
plane perpendicular, looking downstream, so that the light 
from the varIous species are well sepa.rated. The OMA records 
these different wave lengths and their intensities and the 
raw data is brought into the computer for analysis during the 
recycle time between shots. 

Details of the experimental setup and results have been 
published in Doppler Shift Spectroscopy of Powerful Neutral 
Beams, Burrell, Cooper, Smith & Steele; LBL report 10398, 
as well as in Review of Scientific Instruments, g, 11, 
Nov.,1980, p.1451. 

This document contains a "brief description of the model 
used to fit the data, and a key to the OMA display. For the 
convenience of persons examining or maintaining the code, an 
appendix is included which i) describes the function of each 
program; ii) lists the inputs and outputs needed by the task 
'omafit'; iii) lists and briefly describes the function of 
each subroutine in 'omafit'. 

Version - 1 -
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2. A Model for the Data 

Since the beam will consist primarily of H+, H2+ and H3+ 
(0+, D2+ and D3+) particles, the velocities of the particles 
will cluster around values depending on the three different 
masses. Thus, one expects to see three peaks ( and possibly 
a fourth, corresponding to hydrogen atoms produced by 
dissociation of the principal impurity, water vapor). Figure 
1 shows these peaks in both views, as well as the curve 
resulting from the data fitting process. Two views are used 
in order to obtain the beam divergences both parallel and 
perpendicular to the slots of an LBL accelerator. 

The curve is based on a modified gaussian model, 
developed empirically. Each peak has four parameters 
associated with it: amplitude, doppler shift, divergence 
angle and an exponent 'a', to which the gaussian expression 
is raised. Thus, the model for each peak is 

Aexp[«x-xO)/w)**2a] ( I) 

where A, xO, wand a are the parameters to be determined. The 
parameter 'a' is needed for good fits. Typically, it lies 
between .4 and 1. Note that a = 1 results in a gaussian, 
while a < 1 causes the peak to be sharper than a normal 
distribution (c.f. Figure 1). 

1. Further Analysis 

A considerable amount of computation takes place in the 
OMA fit program. Once the data has been fitted, the relative 
amounts of light under the peaks are known, but these still 
have to be converted into corresponding percentages for the 
three species. In addition, the presence of the exponent 'a' 
('ALPHA' in Fig. 1) does not permit the value w (and thus the 
divergence angle) to be related directly to the lie point, as 
in the case of a pure gaussian. Moreover, the neutralizer 
thickness and the neutralizer efficiency are functions of the 
rate of flow of the source gas and the beam current (each amp 
of current will use a certain amount of gas; the rest goes 
into the neutralizer). All of these factors and a number of 
others are computed in the program. The next section briefly 
describes each of these features as they enter into the final 
display of derived values. 

version - 'l -
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4. The OMA Display 

The following is an annotated legend for Figure 1. 

(1) Miscellaneous Data: The shot number, date and time 
appear on every shot. 

(2) The gas type and accel voltage are 
displayed. The species fractions depend 
both. 

acquired and 
strongly on 

(3) The neutralizer thickness (between the exit grid of 
the accelerator and the viewing position) is computed 
as a function of beam current and gas flow and type. 

(4) The optical angle from the OMA mirror to the 
principal axis of the beam is computed as part of the 
fit. 

I 

(5) The raw data is plotted, together with the fitted 
curve. The horizontal axis consists of oma channel 
numbers, which correspond to wavelengths, while the 
vertical axis is the light measured for that 
channel. 

(6) These two columns give the composition of the beam 
ions in terms of the percentages of each of the 
three species of hydrogen or deuterium (1: H+ or D+ i 
2: H2+ or D2+ i 3: H3+ or D3+ ). These numbers are 
derived from the relative light intensities (10) of 
the full, half and third energy atoms, the beam 
energy (accelerator voltage), the gas type, the 
neutralizer thickness and cross sections for 
dissociation and Balmer emission. 

The adjoining parenthetical column gives the 
uncertainties associated with each estimate (i.e., 
the standard deviations, as derived indirectly from 
the 1 east squa res fit). 

Note: This same remark applies to the parenthetical 
columns for items (7) and (8) as well. 

(7) This is the divergence angle for each peak. That is, 
the "lie angle", if alpha = 1. This value, however, 
is a function of alpha; see the next item. 

(8) The divergence angle in (7) is a function of alpha 
(9) and a normalization is required to convert to the 
case alpha = 1. (This is useful, for example, if one 
wishes to obtain a single divergence number to 
compare over a series of shots, or to compare against 
the divergence found from beamdump calorimetry (see: 
A User's 'View of NBSTF Calorimetry Displays). For a 
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gaussian distribution, the l/e angle is square root 
of 2 times the rms angle. Therefore, the numbers 
shown in column 8 are the 'rms angles after 
normalization multiplied by square root 2 to provide 
a basis for comparison with the l/e angle. 

(9) "alphas" are the exponents called 'a' in 
in the expression 

section 2, 

Aexp[«x-xO)/w)**2a] (I) 

(10) The percentage of light under each peak is obtained 
from the integral over the fitted curve. 

(11) This is the single beam divergence angle (for each 
view) obtained as a weighted average of the three 
'RMS DIV] values in column (8). The respective 
weights are the products of the species percentages 
(5) and their corresponding fractional neutralization 
efficiencies for that voltage and neutralizer 
thickness. This number is comparable to the beam 
divergence from calorimetry. 

(12) The relative amount of H20+ found from the Doppler 
shifted light corresponding~ the energy of hydrogen 
dissociation products from H20+ (1/18 energy for H20+ 
; 1/10 for 020+). The label in Figure 1 has now been 
changed to show the correct inforMation. 

1' ___ '; __ 
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5. Appendix 

5.1 The OMA Programs at NBETF 

At the time of this writing, there were four tasks in the 
suite of OMA programs at NBETF: 

OMIN This task sends the 'external start' sequence to the 
OMA instrument. This readies the OMA for the trigger 
signal, which is controlled by the timing system. OMIN 
runs on every shot. 

OMAQ This task reads the raw data from the OMA into a 
database file. It runs on every shot. 

OMAFIT This task operates on the spectral data provided by 
the OMA. It fits the data to a model as discussed in 
the first part of this document. At present, the task 
runs on every shot. 

OMADS This task uses the values produced by OMAFIT to display 
the results of the data fit (see Figure 1). 

5.2 Data Inputs to the task OMAFIT 

(1) The file OMADATA: H-a1pha light data from 500 
channels, acquired earlier from the OMA.itse1f. 

(2) Acce1 voltage (used to 
particles) and current 

determine 
( used 

energies of the 
to determine 

neutralizer thickness). 

(3) Gas type -- hydrogen or deuterium. 

(4) gas rate of flow 
thickness 

used·to determine neutralizer 

(5) Line of sight angles. I.e., 
viewing (optic) axes and 
beam. 

(6) Neutralizer thickness: the 
nominal value is input in 
current are not available. 

the angles between the 
the principal axis of the 

latest computed or 
case gas flow or acce1 

(7) An array of precomputed coefficients of a cubic 
correction factor which is used to assign wavelengths 
to each of the 500 channels. 
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5.3 Outputs of OMAFIT 

OMAFIT produces all of the output data shown on Figure I 
and, in addition, computes the weighted average from both 
views of each of the three species values. The weights are 
the respective uncertainties associated with the species. 
These averages are useful for data analysis. 

5.4 Subroutines of OMAFIT 

OMAFIT is a large fortran program which is insufficiently 
documented and not particularly well structured. To partially 
rectify this situation, all of its subroutines are listed 
here, with a very brief description of their respective 
functions. 

PKFIT A driver for CURFIT, the least-squares main routine. 
PKFIT checks the chi-sq value to decide on termination 
of the iterative fitting process. Called from 'main'. 

ANG Calculates the angle between the line of sight and the 
beam. Called from 'main'. 

CPERR Calculates the uncertainty (std. dev.) in the estimates 
of the light intensities from each peak in the 
spectrum. Called from 'main'. 

RTDBPUT Stores all derived values 
failed, stores special default 
from 'main'. 

in data base. 
values instead. 

BEMTHIK Calculates neutralizer thickness 
function of the gas type, rate 
current. Called from 'main'. 

iteratively, 
of flow and 

If fit 
Called 

as a 
beam 

BEMCMP Calculates the composition of the beam current in 
terms of the three species. Called from 'bemthik'. 

FLUXT Calculates the integral under each spectral peak. Uses 
fitted values to numerically integrate the modified 
gaussian. Called from 'main' and 'cperr' 

WAVCAL Assigns wavelengths to all channels. 
'main'. 

Called from 

SENSl Assigns sensitivity correction factors to all channels. 
Called from 'main'. 

SEARCH Gets starting values for fit parameters by searching 
the spectral data for peaks. Called from 'main'. 
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INLIM Sets region (wavelength interval) over which fit is to 
be done. Called from 'main'. 

CURFIT Main part of the least squares routine. Adapted from 
Data Reduction and Error Analysis for the Physical 
SCIences by P. BevIngton, McGraw-Hill---(1969). Called 
from 'pkfit'. 

FF Evaluates the analytic expression (1) used as the 
model. Called from 'fndirv'. 

FNDIRV Evaluates derivatives of the analytic expression (1). 
Called from 'curfit' 

DECOMP Part of the process for solving the system of linear 
equations involved in the least-squares procedure (see 
Computer Methods for Mathematical Computations by 
Forsythe, Malcolm and Moler, Prentice-Hall (1977). 
Called from 'curfit'. 

SOLVE The companion routine to 'decomp' • Called from CURFIT. 

SIGMA Calculates the standard deviation for all the fit 
parameters. Called from 'ma in' • 

ANGLE Computes divergence angles for each peak. Called from 
'ma in' • 

COMPA Interpolates in a table of values to get conversion 
factors for converting light intensities to current 
densities for each species. Called from 'bemcmp' 

NZEFF Interpolates in a table 
factors for neutralization. 

of values to get efficiency 
Called from 'rtdbput'. 

OXYCMP Interpolates in a table of values to convert light 
under water peak to 02 fraction. Called from 'main'. 

GETGFLO Gets the gas flow rate from the data base. Called 
from 'ma in' • 

GETOMD Gets the rest of the OMA data (gas type, optical 
angles, neutralizer thickness, wavelength correction 
coefficients) from the data base. Called from 'main'. 

CLEAN Cleans noise from raw data. Called from 'main'. 

BKVAR Computes background variance. Called from 'main'. 

FBGPTS Find background points. Called from 'main'. 

i - 7 -
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Appendix 

A User's View of the Source Tuning Programs at NBETF 

Ed Theil 

Real Time Systems Group' 
Lawrence Berkeley Laboratory 

University of California ' 

1. The Tuning Process 

When the arc power (and hence the beam current) is too 
great for a given accel voltage, the beam quality is poor and 
the beam divergence (see ref. [1]) tends to increase. This 
condition is often called "overdense", refering to the plasma 
in the arc chamber. In extreme cases, damage to the 
accelerator structure can result. Similarly, when the plasma 
is "underdense", beam current is less than optimum, beam 
quality is again poor and beam divergence is again relatively 
large. 

According to the Child-Langmuir law, there is a number p, 
called the optimum perveance, such that when the accel 
current and voltage satisfy the relation 

Iaccel = p(Vaccel**1.5) ( 1) 

the beam divergence is at a minimum. 

It's useful as an intuitive guide to compare (or 
contrast) this situation with the flow of particles in space 
charge limited diode operation, where (1) was first 
developed. For the neutral beams, the shape of the plasma in 
the arc chamber will change with plasma density, thereby 
affecting the geometry of the system and, indirectly, the 
accelerating field. "Underdense" results in a concave plasma 
near the accel gap, while "overdense" means that the plasma 
is convex in that region. Either case will mean that the 
electric field of the charged ions will perturb the 
accelerating field, so that Child-Langmuir will appear to be 
violated. In the former (underdense) case, the beam acts as 
if it is emission limited (rather than space charge limited); 
in the latter, "space charge blowup" from too many ions 
strongly affects the geometry. 

It is the primary purpose of the tuning process to 
determine the number p for a given accel voltage. (As stated 
here, p depends on the mass ratios of the three species of 
hydrogen or deuterium source gas present in the beam. Those 
ratios, in turn, depend on the arc power. Thus, the optimum 
perveance will be different at different voltages. If the 
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species fractions are known, by spectroscopic methods for 
example (ref. [2]), a normalized perveance can be found as 
well. This is discussed further in section 4.) 

There are several reasons for determining the optimum 
perveance.First, it is important that the operators have a 

~ simple guide to help determine whether the plasma is 
over/under dense or close to optimal. Second, the optimum 
perveance is an important parameter in the modeling of the 

~ source for both analysis of data and control purposes. 
Third, accelerator structures are designed with a certain 
optimum perveance as a design parameter. The calculation of 
the actual perveance serves to confirm or deny the design. 

2. Determination of th.e Perveance 

To determine the optimum perveance, a series of beam 
shots is taken for different combinations of beam current and 
accel voltage. The object is to determine the minimum beam 
divergence at different settings. For experimental 
convenience at LBL, this is normally done by holding the 
accel voltage fixed for varying beam currents, and is called 
a "tuning sweep". The beam divergence and a set of other 
relevant values are automatically recorded for each shot. 
Since the divergence tends to go up in a symmetric manner on 
either side of the optimum current, it is possible to fit a 
parabola to the divergence angles as a function of current 
(or, equivalently, of perveance). Once there are enough shots 
for a fit, an estimate of optimum perveance is made. This 
estimate will tend to vary slightly as more shots are added 
to the tuning sweep. After about 10 to 20 shots, the number 
tends to stabilize. When the operator is satisfied that 
enough shots have been taken to get a satisfactory estimate, 
a mechanism is provided to end the sweep and record the new 
optimum perveance in the computer's data base. 

3. Operational Aspects 

Figure 1 shows the "tuning menu", a touch panel display 
at the NBETF control console. When the operator wishes to 
initiate a tuning sweep, he or she presses the button 
1 abelled "Start Sweep" • From then . on, the reI evant 
measurements from each shot will be collected, examined and 
kept in special files for use by the tuning programs. 

On each shot, the calorimetry analysis task produces 
estimates of the beam divergence (ref. [2]) and the power 
deposited on the beam dump. The wave form averages for 
gradient grid and accel currents and voltages are also 
collected. If it is determined that the fit succeeded and 
the shot was good enough for reliable waveform averages, the 
data is. added to the tuning sweep files. Then the display 
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shown in figure 2 appears automatically. 

If the operator feels that the latest shot was not of 
sufficient quality to be included (despite having passed the 
general criteria programmed into the computer), the data may 
be deleted by pressing "delete shot" (Figure 1). The shot 
can be brought back again by pressing "add shot" which simply 
redoes the process which added the shot in the first place. 

When the operator is satisfied that enough shots have 
been taken for a good and stable estimate, the button "update 
perveance" is pressed. This does two things: 1) the new 
estimate of optimum perveance replaces the current one in the 
computer's data base, for use by other tasks; 2) the tuning 
sweep mode ends. Future shots will not be added. 

There is no upper limit to the number of shots that may 
be taken during a tuning sweep, but the computer only 
remembers the latest twenty. Earlier ones are thrown away, 
as new ones are added after the twentieth. 

At any time, the latest tuning sweep information can be 
displayed by pressing the button labelled "display". A 
detailed explanation of this display is given in the next 
section. 

4. !!1 to the Tuning Display 

See Figure 2 for the items listed here. 

(1) The uppermost graph is the plot of perpendicular 
divergence versus the perveance (I/(VA l.5» of the 
shot. Since the latter number is small, it is 
usually expressed in terms of "micropervs (see the 
labelling on the horizontal axis)~ 

By using perveance (rather than accel current) as 
the independent variable, it is not necessary to hold 
accel voltage fixed during a tuning sweep. 

In addition to the data plot itself, a parabola is 
fit to the data as soon as there are sufficiently 
many good data points for a physically meaningful 
result. 

(2) The second graph is the parallel divergence versus 
perveance. The former is relatively insensitive to 
changes in plasma density, but typically does exhibit 
a slight increase as the plasma becomes overdense. 

( 3) 
The third 

perveance. 
graph is gradient grid 

Current going positive on 
current vs. 
this graph 

... 

.~. 
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represents electrons collected by the gradient grid. 
Typically, the current will rise fairly rapidly on 
the overdense side. Electrons collected on the 
gradient grid are mostly due to secondaries produced 
by ion bombardment of the suppressor ,grid. Excess 
electron current (greater than about 150 rnA) can 
d amag e the grid. 

(4) The lowest graph is the power deliv~red to the 
calorimeter (obtained from the sum of the delta T's 
of the thermocouples) expressed as a percentage of 
the accelerator power. This number tends to be about 
15% lower than that obtained by waterflow 
calor imetery. 

(5 ) Other signals held "constant" during the tune and 
displayed are: 1) accel voltage; 2) the voltage of 
the first accelerator gap expressed as a percentage 
of the accelerator potential; 3) the suppressor 
voltage. 

(6) LAST OPT'M. is the optimum perveance obtained on the 
previous tune and which was stored in the database by 
pressing the "update perveance" button. 

(7) 

(8) 

EST. OPT'M. is the current value of the perveance 
wh ich yi elds a minim'um for the pa rabola of item (1). 
The line immediately below gives the perpendicular 
divergence and accel current for the estimate. 

Reference was made in sect ion 1 to the fact that the 
perveance is a function of the mass ratios of the 
three species of hydrogen or deuterium. Using the 
OMA diagnostic (see [ 2] ) , the estimated optimum 
perveance is normalized to one cor respond ing to 100% 
of H+ particles. 

(9) The gas type, H2 or D2,and the rate of flow in 
torr-liters per second is displayed. 

(10) The latest (up to twenty) shots in the tune sweep are 
d i spl a yed in thi s 'table. Af ter the twentieth, the 
earliest shot is omitted and the most recent one 
added, so the latest twenty always appear. 

(11) The time and date at which either the last tune was 
completed or the latest shot of the current tune took 
place is displayed. 

ersion 
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5. Per~eance History 

Another display related to the tuning process is the 
Perveance History, shown in Figure 3. Here, the optimum 
perveances for up to 50 tunes are plotted on a log-log 
graph. Because of equation (1), if the perveances were all 
normalized, they should then lie on a line with a slope of 
1.5. Be~ause of mass dependence, however, they do not. 
Therefore, both a 3/2 slope line and a least- squares fitted 
line are shown, together with the data. On the right is a 
table showing the accel voltage at which the tune took place, 
the estimated optimum perveance and the corresponding 
normalized value. 

6. References 

1. A User's View of the 
NBETF/RTSG document 

NBETF Calorimetry Di spl ays, 

2. A User's View of the OMA programs at NBETF, NBETF/RTSG 
documen-t--
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