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ABSTRACT 

A Thomson parabola ion analyzer is calibrated for ion energy and 
ionic charge to mass ratio determination. Characteristic of this 
device which influence its operation are-discussed. 
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THE THOMSON PARABOLA ION ANALYZER 

Introduction 

This report describes the operation and calibration of a Tbomaon-parabola ion analyzer. 
Thia Inatrumant ia capable of measuring the ionic charge atatea present in a plaama. R alao 
exhibits energy dlaperalon which in principle makes it posalble to determine the distribution of 
energy among those Ions reaching the analyser. The device has been discussed by Otsen, ot al 
regarding its use with later-produced plaamaa. The effect of an ambient gas on the utility of thia 
instrument has been discussed by Fearlman and Matzen. The detector In the preaent device ia a 
Bendix channattron electron multiplier array (CEMA). The output of the CEMA ia used to excite 
a phosphor, the output of which is then recorded on film. The output of the CSafA-pbospbor does 
not readily allow for calibration to ascertain the absolute (or relative) number of particles imping
ing upon it. Consequently! with a CEMA one must be content to determine charge states and certain 
aspects of the energy of the sampled plasma. Absolute measurements of the ion energy distribution 
can be made by utilizing an appropriate detector. There are a variety of plaama Ion detectors 
available; we mention one of them because of certain similarities to the Thomson parabola in ita 
applications to laser-produced plasmas. The electrostatic ton analyier described by Decoste and 
Rlpln and by Loekwood has the advantage over the present instrument of giving the tlme-of-
arrival response of the various charge states as well aa their energy distribution. 

Theory of Operation 

A schematic representation of the device is shown In Figure 1. 
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Figure 1. A Schematic Representation for the Analysis of the Thomson Parabola Analyzer 



The equations of motion governing an incoming ion of charge Z, atomic maes A, and velocity 

v f.re: 

x = - u„v. 'H"Z 

.- Z e - (4) 

= Am t where m is the proton mass) i s the atomic m a s s , e 1B the o o 
electronic charge, B and £ are the applied magnetic and electric fields respectively. These equa
tions are easily solved to find the trajectory at the particle in the analyzer region (length I), 
Upon leaving the analyzer region, the particle i s in free flight and impinges upon the CEMA where 
it i s detected. The locus of ions with a constant charge-to-mass ratio for various energies i s 
given In the equations in Figure 1. The pattern described is a parabola in the y - / plane given by 

(Ay) fe$W- W/> (6) 

The coordinate eyatem and unita along the axis for the instrument used in this work are shown in 
Figure 2 (axes labeled according to Eqa. 1 and 2). 
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B -MAGNETIC FIELD IN GAUSS 
Z - ION CHARGE STATE 
E - ION KINETIC ENERGY (keVl 

A - ION ATOMIC MASS 
V - VOLTAGE ACROSS FIELD PLATES 

Figure 2. Tbe Coordinate System Used for Analysis of the 
Ion Traces Observed at the Analyser Exit Face 



For a par t icular parabola (given Z/A) those ions farthest from the origin correspond to lower 
entrance energies than those c lose r to the origin. The above equations assume W J T ' / V

0

 < < * aa^ a r e 

cor rec t to f irs t o rde r . The velocity in the x-direction to f irs t o rder does not change as the part icle 
t r ave r se s the analyzer region. The e r r o r involved in not going to higher o rde rs is less than 1 percent 
for typical l a se r -p la sma conditions. 

The above is derived for single part ic le behavior. The effects of fringing fields and space 

charge on the part ic le t ra jector ies will be dealt within this repor t . 

Apparatus and Procedure 

The analyzer to be calibrated LB shown schematically in Figure 1 where I = 150 mm, 
L. = 333 mm and the plate spacing was 12.4 m m . Note that the e lectr ic field plates were made •.. 
soft iron and served a s the n?-*Tietic pole pieces for the magnetic field. The field was obtained by 
placing permanent magnets on both sides of the analyzer (outside the vacuum, housing) at the posi
tion of the internal pole p ieces , and was varied by changing the spacing between the externally 
applied magnets and the pole pieceB by the use of aluminum spacers . 

The Sandla Laborator ies 100 kV ion accelera tor wao used in this study. The ions were p r o 
duced in an rf ion source using H„, Ne, and Ar gas . The source provided ions from charge 1 to 3 
depending on the gas used. The accelera tor delivered a beam of magnetically analyzed Ions 
(having an energy spread of l ess than 34 eV) to the analyzer . The beam energy was determined 
to within a 1.0% accuracy by measur ing the terminal potential with a voltage divider and cor rec t 
ing for ion-source potentials . Due to charge t ransfer from collisions with background gas 
molecules in the acce lera tor between the ion beam analyzing magnet and 'the Thomson parabola 
analyzer, the Incident beam contained a small fraction of Ions of lower charge state than those 
selected by the analyzing magnet . The smal l neutral component produced an image on the r e 
cording film corresponding to ze ro deflection. This image was used as the reference from which 
the deflections were measured . In the cases of selected doubly and tr iply charged lonr., the lower 
charge s ta tes allow for simultaneous measurement of the deflection of various charge to maBS 
rat io Ions with a common velocity. 

The following procedure was used In the calibration. Fo r each selected charge- to-mass 
ra t io ion beam at a given energy (I. e . , velocity) the beam was pulsed on for a t ime sufficient to 
obtain a good film exposure. This was repeated a s the e lectr ic and magnetic fields applied to the 
analyzer were varied In discrete s teps . The electr ic field was varied by changing the voltage 
applied in the e lectr ic field p la tes . The magnetic field was varied by use of the aluminum spacers 
previously mentioned. 



Results and Discussion 

During the course of this work, measurements were made for ions of various charge- to-

m a s s rat ios from 1:1 to 1:40. The velocity range covered was from 2.17 x 10 c m / s to 4.38 x 

10 c m / s . Table I l i s t s the velocities of the various charge- to-mass ra t ios of the ion species 

used. 

TABLE T 

Charge-To-Mass Ratio and Velocity of tons Used in Calibration 

Z/A 

Vel. c m / s ^ ' 1/1 (H +) 1/2 (t4> 1/10 (Ne2"'') 3/40 ( A r 3 + ) 1/20 ( N e + A r 2 + ) 1 /40 (Ar + ) 

1.95 x 10 8 1.70 x 10 8 8 . 8 7 x 10 7 1.20X 10 8 2 . 1 7 x 1 0 7 2 . 1 9 x 1 0 7 

3-. 10 X 10 

4 .38X 10 8 

1.07 x 10 3. "9 x 10 
4 .38X 10 
6 .20X 10 
7.58 x 1 0 7 

8 . 7 4 x 10 7 

9.77 X 1 0 7 

9.78 x 1 0 7 

1.07x 10 8 

4.90 x 1 0 7 

6.92 x 10 7 

Typical data obtained during these measurements a re shown in Figures 3 and 4 . Figure 3 
presents the resu l t s obtained for a 1. 95 X 10 c m / s (18. 92 keV) H + incident beam. 

19.92 kev H , 1 .2X10 
-1000 V on CEMA 

-7 
amp 

V (volts) B (gauss) 
1 80 0 
2 160 
3 240 
4 320 
5 400 
6 480 

Figure 3. The Calibration Output Using 19, 92 keV H + Ions for Various 
Electric Fields 
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The magnetic field was kept at zero and the electr ic field was varied by changing the platf 
voltage in six 80-V steps from 0 to 480 volts. The voltages l isted a r e the total voliago differences 
between the plates . This was accomplished by applying -(1/2) V to one plate and +U/2) V to the 
other plate. The results a r c a s e r i e s of seven exposures along the electr ic (y) axis. The lowest 
(brightest) spot defines the origin „ind occurs in the case of 2ero electr ic and magnetic fields. This 
is because the beam str ikes this location each tLme it Is pulsed on. Each of the other six exposures 
appear to consist of two spots . Wc believe that thie effect is caused by a surface charge on the 
CEMA face. For CEMA voltages l ess than -1000 V only a single spot occurred. Figure 4 shows 
the resul ts for incident beams of 1.70 x 10 8 c m / s (30.14 keV) H*. 2. 1 7 x 10 ? c m / s (4.94 keV) N e + 

7 4-
and 2.19 x 10 c m / s {10.02 keV) Ar respect ively. 

30.14 kev H 0 
5X10" 8amp 

• 1000 V on CEMA 

V (volts) 
1 120 
2 240 
3 360 
4 480 
5 600 
6 720 

B (Gauss) 
1 56.4 
2 73.3 
3 93.2 
4 122.6 
5 153.2 
6 187.1 
7 277.2 
8 488.9 

4.94 kev^Ne*. 1.2X10" 9amp 
- 800 V on CEMA 

V (volts) 
1 20 
2 40 
3 60 
4 80 
5 100 
6 120 

120 kev ^Ne* AND ^ Ne + + . 1.5 X 10"8 amp 
-700 V on CEMA 

B (Gauss) 
488.9 

10.02 kev Ar , 2.8X10 amp 
-SOOVonCEMA 

B (Gauss) 
V (volts) 1 56.4 
1 40 4 160 2 93.3 
2 80 5 200 3 187.1 
3 120 6 240 4 488.9 

Figure 4. The Calibration Output for Various Ions and Energies 
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In these cases , the electric field was I'.rat varied in steps with a zero magnetic field; then the 
magnetic field was varied in steps with a zero electric field. Ae in Figure 3, the deflections due 
to the varied electric field appear aa spots along the y axis. The deflections due to the varied 
magnetic field appear as spots along the > axis. Also shown in Figure 4 are the results for an 
incident Ne beam with a velocity of 1. 07 x 10 c m / s (120 keV). As explained earlier, due to 
charge transfer there was alsc a small beam of N e + at 1.07 x 10 c m / s . Thus with zero magnetic 

field and 1400 V on the electric field plates, two deflected spots appear along the y axis. The upper 
+ 2 +1 

spot is due to the Ne while the lower spot is due to the Ne . Then with the electric field at zero, 
a magnetic field was applied resulting in the two spots along the g axis. Finally both fields were 
applied at the same time giving rise to the two off-axis spots. 

When the measured deflections due to the electric field are compared with those predicted 
by Eq. 1 the average difference i s 1,98 percent for energies of 40 keV and higher. However, the 
difference increases as the energy is lowered, reaching a value of 0.12 percent at 4.94 keV. It 
i s believed that this i s caused mainly by the electric field due to the negative voltage applied to 
the front of the CEMA. 

A mapping of the magnetic field with a gauss metei indicated an average variation of approxi
mately 3 percent and a peak of 11 percent. From the metqured magnetic deflections with the 
various spacers, effective magnetic fields can be inferred, r ^ s e are shown in Table II. 

TABLE II 

Effective Magnetic Fields Determined From Calibration 

Spacer 
Spacer Thickness Magnetic Field 

Number (cm) (Gauss) 

1 3.810 56.4 (±5.4%) 
2 3.175 73.3 (±3.9%) 
3 2.540 93.2 (±4.0%) 

4 1.905 122.6 (±5.6%) 

5 1.587 153.2 (±2.0%) 
6 1.270 167.1 (±2.9%) 
7 0.835 277.2 (±5.8%) 
B 0 488.9 (±2.8%) 

The average precision is taken to be 4 percent. Using the results of these calibrations, relations 
can be obtained among deflections in the electric and magnetic field to the charge-to-mass ratio 
and the velocity of the incident ions. Using Eqs. 1 and 2 the following occurs; 



^ • • • » ^ , ( ? ) 

! ( s f ) ( r f ) c m / s e < : «> 

where Z / A i s the ionic charge per arr.j \mo?e specifically 7. is the charge state of the ion), &f and 
&y a r e in mm, V is in volts, and B is in Gauss . 13 is the effective magnetic field and ±4 percent 
precision is associated with it. Wo ascribe an average precision of ±3 perr^nt to an effective deflec
tion plate voltage (aside from the systematic e r r o r s previously noted). Consequently, the charge- to -
mass ratio (Eq. 7) can be determined with an uncertainty of ±11 percent, while the velocity can be de
termined to within ±7 percent. Many laser -p lasma experiments deal with a specific target material 
and hence A is unambiguously known. An important quantity is i i /Z where E is the kinetic energy of 

'(£)' § * 1.561 (-—-Jkev 

The energy of the various charge states observed can be determined to within ±3 percent. 

The Thomson parabola ion analyzer has been calibrated for use with l a se r experiments to 
study expanding plasmas produced by laser interaction with a solid target . In this case the pr inci
pal m a s s component <A) of the plasma Ls known; thus, one can obtain ionic charge and energy in
formation. Figure 5 is a typical t race from an experiment using an A£ target and a SO ps . 900 mJ , 
1.06 n l a se r . 

hi TARGET, 50 ps 1.06 p LASER PULSE 
900m JOULES 

V (volts) B (Gauss) 
40 153.2 

Figure 5. A Typical Thomson Parabola Analyzer 
Output for an Expanding A£ Plasma 
Produced With a 50 ps . 900 mJ , 
1,60 M Laser 



Various Btages of ionization of the At are observed (Z = 1 through H i as well as Impurities. The 
most notable Impurity is H*\ the brightest tra^-e in the left-hand corner. The absence of the traces 
towards the origin is indicative of an upper energy cutoff in the expanding plasma. 

References 

1. J. N. Olsen, G. W. Kuawa. E. D. Jones, J. A. P . . 44, 2278, 1973. 

2. J. pearlman and M. K. Matzen, paper J0H4, 19th Annual Meeting of the Division of plasma 
Physics, 1977. 

3. P. Young and G. H. McCall, paper 5H9, ibid, 19th Annual Meeting of the Division of Plasma 
Physics; 1977. 

4 . R. peCoste and B. H. Rlpln. Rev. Set. Instru., 48. 232, 1977. 

5. G. J . Loclcwood, Sandia Research Report, SC-RR-70-S83, 1970. 

6. E. D. Jones suggested privately circa 1975 that a framing camera be utilized to look at the 
CEMA response as a function of time during plasma expansion. 

14 


