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Abstract 
 

             The current thesis focuses on the detailed characterization of Hydrogen plasmas in a large-

volume chamber aiming toward the production of highly dense and uniform plasma over a large 

area. Hydrogen plasmas contain multi-variant species, e.g., H, H+, H2
+, H- etc., and hence are well 

suited for diverse applications ranging from plasma-based material processing to the production 

of ion beams (both positive and negative), which are further applied for proton radiotherapy and 

high energy neutral beam production for heating of fusion plasma. The prerequisites of many of 

these applications are the generation of uniform dense (1011 – 1012 cm-3) plasma over a large cross-

section (~ 1 m × 1 m) along with low temperatures (Te ~ 1 eV). It is also desirable for the source 

to be energy-efficient and maintenance-free under the operating conditions. Accordingly, in this 

work, a large volume cylindrical (dia and height ~ 1 m) plasma system was configured vertically 

and optimized, using plasma source(s) mounted onto the top dome of the chamber to generate 

uniform, high-density, low-temperature downstream plasma, over a large cross-section. The 

Electron Cyclotron Resonance (ECR) mechanism was utilized to produce the plasma inside a small 

plasma source, viz. the Compact ECR Plasma Source (CEPS), which could be attached in single 

or multiple units (up to seven) on the top dome of the large chamber. Six of the sources are placed 

in a circular pattern (radius rpcd ≈ 0.59 m) on the top dome, and one source is placed at the center 

of the dome. Axially poled permanent ring magnets provide the magnetic field for each CEPS, and 

the total field in the chamber is the combined field of all mounted CEPSs. Separate experiments 

were conducted with three different source configurations, viz.: (i) Configuration A: Six CEPS 

with opposite polarity on adjacent magnets are mounted circularly (radius rpcd ≈ 0.59 m) on the top 

dome. A cusp field is formed between adjacent sources. The plasma in this configuration follows 
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the cusped field lines, penetrating adjacent sources, thereby generating severe crosstalk and 

feedback between adjacent sources and causing strong instabilities and fluctuations in microwave 

power and plasma. (ii) Configuration B: Seven CEPS (six placed on a circle with rpcd ≈ 0.59 m 

and one at the center) are mounted on the top dome with identical polarity on all magnets. Field 

lines from the adjacent peripheral sources bunch into curved, discrete columns that repel each other 

and bend sharply to penetrate the chamber wall (close to its mid-plane). In contrast, the field from 

the central source forms a separate column and remains bunched close to the axis all the way to 

the chamber bottom. In this configuration, plasma from each of the six peripheral sources flows 

out along the curved field lines to form discrete columns of plasma that terminate on the vessel 

wall. In contrast, plasma from the centrally placed source follows the central field column, with 

very little fanning out all the way downstream. (iii) Configuration C: Only a single CEPS is 

placed at the dome center. For this configuration, one obtains a uniform diverging magnetic field 

from the central dome region, moving into the downstream region of the system. Using an axially 

and radially rotatable single Langmuir probe, one obtains uniform plasma over ~ 35 cm radius (ne 

~ 4 × 1016 m-3, Te ~1–2 eV) about ~ 60 cm downstream of the source mouth with only 400W power 

at ~ 1-3 mTorr pressure. An additional warm population (nw ~ 4 × 1014 m-3, Tw ~ 40–60 eV) was 

also found to co-exist. While configurations A and B were discarded as being unsuitable for the 

plasma requirements for this work, the results from configuration C were identified as ideal for 

volume mode H- production over a large area since volume H- production involves the dissociative 

attachment of excited hydrogen molecules, the warm electrons aiding the excitation of the 

hydrogen molecules with the colder electrons responsible for the dissociative attachment process. 

Hence, among the configurations considered, the single CEPS configuration was found to be the 

most efficacious for large-area H- generation. These results provide one with the motivation to 
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examine the axial and radial profiles of the plasma parameters (steady state) at other r-z planes and 

along the axis for configuration C. 

In the present work, one could detect ions with energy ~ 40 – 45 eV using Retarding Field Energy 

Analyzer (RFEA) about ~ 10 cm in front of the source mouth. It is anticipated that the ion energies 

are higher closer to the source mouth (~ 100 eV or greater); but due to repeated damage to the 

RFEA, measurements could not be undertaken closer to the source. To determine how ions acquire 

these high energies, plasma parameters were measured from the source mouth into the chamber. 

Measurements at low pressures (~ 1 – 2 mTorr) revealed plasma with moderately high density (ne 

≈ 2 × 1017 m-3), high electron temperature (Te ≈ 50 eV), and high plasma potential (Vp ~ 230 V) 

close to the source mouth (z ≈ 0). At z ≈ 5 cm, outside the plasma source in the expansion chamber, 

the plasma jumps into a state with two distinct electron populations: (i) a high-density, low-

temperature bulk electron population (ne ~ 2 – 6 × 1017 m-3, Te ~ 4 – 6 eV) and (ii) a low density, 

high-temperature warm electron population (nw ~ 4 × 1014 m-3, Tw  ~ 40–60 eV); concomitant with 

this transition, the plasma potential is also seen to drop drastically (Vp  ~ 20 V). The large drop in 

plasma potential as the plasma passes from a single electron to a two-electron population provides 

the energy boost to the ions. Although the plasma in front of the ECR zone is a high Te (≈ 50 eV), 

high Vp (≈ 250 V) plasma, it is difficult to observe this in experiments since, in most cases, the 

plasma makes a transition to the two-electron population within the source region where the harsh 

plasma precludes measurements. This observation has been found in this work for low pressures. 

In front of the source, the axial magnetic field is high enough (~ 300 – 400 G) to provide good 

radial confinement. The magnetic field diverges and weakens downstream from the source region, 

which could be instrumental for the noticeable improvement in radial uniformity observed as one 

moves from the upstream region, i.e., near the CEPS source, to downstream regions, albeit at the 
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expense of a fall in plasma density. Power scaling studies in the range of 400 – 800 W show a 

slight increase in plasma density as power increases, with no noticeable variation in Te observed. 

The indication of optimal conditions for large-area H- production prevailing in the downstream 

region of the chamber motivated the construction of a theoretical model for the estimation of H- 

ions in this region. The two-step volumetric dissociative attachment (DA) process was considered. 

Accordingly, the experimental system was virtually divided into two zones: one near the CEPS 

source (Top - zone 1) with high Te, a preferable condition to produce vibrationally excited H2 

molecules- a precursor to the H- ions, and another one at far downstream (Bottom - zone 2, 35 cm 

away from zone 1) with low Te suitable for H- production. H- density of the order of 1015 m-3 was 

found in zone 2 with an input power of 400 W and 2 mTorr of pressure, assuming the precursor 

species directly transported from zone 1 to zone 2 without any loss.  
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सार 

वर्तमान थीसिि एक बड़े क्ष़ेत्र में अत्यसिक घऩे और िमान प्लाज्मा क़े  उत्पादन की ओर लसक्षर् एक बडी मात्रा 

में चैंबर में हाइड्र ोजन प्लास्मा क़े  सवसृ्तर् लक्षण वणतन पर ध्यान कें सिर् करर्ा है। हाइड्र ोजन प्लास्मा में बहु-

सवसचत्र प्रजासर्याां, जैि़े, एच, एच+, एच 2+, एच- आसद होऱ्े हैं, और इिसलए प्लाज्मा-आिाररर् िामग्री 

प्रिांस्करण ि़े ल़ेकर आयन बीम (दोनोां िकारात्मक और नकारात्मक) क़े  उत्पादन र्क सवसिन्न अनुप्रयोगोां क़े  

सलए अच्छी र्रह ि़े अनुकूल हैं, जो सक िकारात्मक और नकारात्मक दोनोां हैं, जो फू्यजन प्लाज्मा क़े  र्ाप क़े  

सलए प्रोटॉन ऱे सड्योथ़ेऱेपी और उच्च ऊजात र्टस्थ बीम उत्पादन क़े  सलए आग़े लागू सकया जार्ा है। इनमें ि़े कई 

अनुप्रयोगोां की पूवातप़ेक्षाएँ एक बड़े क्रॉि-ि़ेक्शन (~ 1 मी × 1 मी) क़े  िाथ-िाथ कम र्ापमान (Te ~ 1 ईवी) 

क़े  िाथ एक िमान घऩे (1011-1012 ि़ेमी-3) प्लाज्मा की पीढी हैं। ऑपऱे सटांग पररस्थस्थसर्योां में ऊजात-कुशल और 

रखरखाव-मुक्त होऩे क़े  सलए स्रोर् क़े  सलए यह िी वाांछनीय है। र्दनुिार, इि काम में, एक बडी मात्रा में 

ब़ेलनाकार (ड्ीआईए और ऊां चाई ~ 1 मीटर) प्लाज्मा सिस्टम को लांबवर् और अनुकूसलर् सकया गया था, जो 

सक प्लाज्मा स्रोर् (एि) का उपयोग करक़े  चैम्बर क़े  शीर्त गुांबद पर रखा गया था, जो सक िमान, उच्च-घनत्व, 

सनम्न-कम- कम-- कम- घनत्व, कम-- कम- घनत्व, सनम्न-- र्ापमान ड्ाउनस्टर ीम प्लाज्मा, एक बड़े क्रॉि-

ि़ेक्शन पर। इल़ेक्ट्र ॉन िाइक्लोटर ॉन ऱेजोनेंि (ईिीआर) र्ांत्र का उपयोग एक छोट़े ि़े प्लाज्मा स्रोर् क़े  अांदर 

प्लाज्मा का उत्पादन करऩे क़े  सलए सकया गया था, अथातर्् कॉमै्पक्ट् ईिीआर प्लाज्मा स्रोर् (िीईपीएि), जो 

सक शीर्त ड्ोम पर एकल या कई इकाइयोां (िार् र्क) में िांलग्न सकया जा िकर्ा है। बड़े कक्ष। स्रोर्ोां में ि़े छह 

को शीर्त गुांबद पर एक गोलाकार पैटनत (सत्रज्या RPCD) 0.59 मीटर) में रखा जार्ा है, और एक स्रोर् को गुांबद 

क़े  कें ि में रखा जार्ा है। अक्षीय रूप ि़े पोल्ड स्थायी ररांग मैग्ऩेट प्रत्य़ेक िीईपी क़े  सलए चुांबकीय क्ष़ेत्र प्रदान 

करऱ्े हैं और कक्ष में कुल क्ष़ेत्र ििी घुडिवार िीईपीएि का िांयुक्त क्ष़ेत्र है। र्ीन अलग -अलग स्रोर् 
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कॉस्थफ़िगऱेशन क़े  िाथ अलग -अलग प्रयोग सकए गए, अथातर्: (i) कॉस्थफ़िगऱेशन A: आिन्न मैग्ऩेट पर सवपरीर् 

धु्रवीयर्ा क़े  िाथ छह CEPS को शीर्त गुांबद पर पररपत्र (सत्रज्या RPCD) 0.59 मीटर) माउांट सकया जार्ा है। 

आिन्न स्रोर्ोां क़े  बीच एक पुच्छ क्ष़ेत्र बनर्ा है। इि कॉस्थफ़िगऱेशन में प्लाज्मा कस्प ़िील्ड लाइनोां का अनुिरण 

करर्ा है, आिन्न स्रोर्ोां में प्रव़ेश करर्ा है, सजिि़े आिन्न स्रोर्ोां क़े  बीच गांिीर क्रॉिस्टॉक और प्रसर्सक्रया 

उत्पन्न होर्ी है और माइक्रोव़ेव पावर और प्लाज्मा दोनोां में मजबूर् अस्थस्थरर्ा और उर्ार -चढाव होर्ा है। (ii) 

कॉस्थफ़िगऱेशन बी: िार् िीईपी (छह एक िकत ल पर रख़े गए। 60 ि़ेमी और एक कें ि में एक) को शीर्त गुांबद 

पर ििी मैग्ऩेट पर िमान धु्रवीयर्ा क़े  िाथ रखा गया है। आिन्न पररिीय स्रोर्ोां ि़े फील्ड लाइनें घुमावदार, 

अिर्र् स्तांिोां में गुच्छा होर्ी हैं, जो एक दूिऱे  को पीछ़े  हटाऱ्े हैं और चैम्बर की दीवार (इिक़े  मध्य-प्ल़ेन क़े  

करीब) में प्रव़ेश करऩे क़े  सलए ऱ्ेजी ि़े झुकऱ्े हैं, जबसक कें िीय स्रोर् ि़े क्ष़ेत्र एक अलग कॉलम बनार्ा है और 

करीब रहर्ा है। चैम्बर क़े  नीच़े ििी र्रह ि़े िुरी। इि कॉस्थफ़िगऱेशन में, छह पररिीय स्रोर्ोां में ि़े प्रत्य़ेक ि़े 

प्लाज्मा प्लाज्मा क़े  अिर्र् कॉलम बनाऩे क़े  सलए घुमावदार क्ष़ेत्र लाइनोां क़े  िाथ बहर्ा है जो पोर् की दीवार 

पर िमाप्त हो जार्ा है, जबसक िेंटरल रूप ि़े रख़े गए स्रोर् ि़े प्लाज्मा कें िीय क्ष़ेत्र क़े  स्तांि का अनुिरण करर्ा 

है, बहुर् कम प्रशांिक क़े  िाथ बाहर सनकलर्ा है। ििी र्रह ि़े नीच़े की ओर। (iii) कॉस्थफ़िगऱेशन C: क़े वल 

एक िीईपी को गुांबद कें ि में रखा गया है। इि कॉस्थफ़िगऱेशन क़े  सलए एक कें िीय गुांबद क्ष़ेत्र ि़े सिस्टम क़े  

ड्ाउनस्टर ीम क्ष़ेत्र में एक िमान सवचलन चुांबकीय क्ष़ेत्र प्राप्त करर्ा है। एक अक्षीय और ऱे सड्यल रोट़ेट़ेबल 

सिांगल लैंगमुइर जाांच का उपयोग करऱ्े हुए, एक ~ 35 ि़ेमी सत्रज्या (ne ~ 4 × 1016 मी -3, Te ~ 1-2 ईवी) ि़े 

असिक िमान प्लाज्मा प्राप्त करर्ा है। ~ 1-3 mtorr दबाव। एक असर्ररक्त गमत आबादी (nw ~ 4 × 1014 मी -

3, Tw ~ 40-60 ईवी) िी िह-अस्थस्तत्व में पाया गया। जबसक कॉस्थफ़िगऱेशन ए और बी को इि काम क़े  सलए 

प्लाज्मा आवश्यकर्ाओां क़े  सलए अनुपयुक्त होऩे क़े  रूप में छोड सदया गया था, कॉस्थफ़िगऱेशन िी क़े  पररणामोां 

को एक बड़े क्ष़ेत्र पर वॉलू्यम मोड् एच-उत्पादन क़े  सलए आदशत क़े  रूप में पहचाना गया था, क्ोांसक वॉलू्यम 
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एच-उत्पादन में उत्सासहर् हाइड्र ोजन का सवघटनकारी अनुलग्नक शासमल है। अणु, गमत इल़ेक्ट्र ॉनोां को 

हाइड्र ोजन अणुओां क़े  उत्त़ेजना का िमथतन करऩे वाल़े ठांड़्े इल़ेक्ट्र ॉनोां क़े  िाथ सवघटनकारी लगाव प्रसक्रया क़े  

सलए सजम्म़ेदार। इिसलए, सिांगल िीईपीएि कॉस्थफ़िगऱेशन माना जाऩे वाल़े कॉस्थफ़िगऱेशन क़े  बीच बड़े क्ष़ेत्र क़े  

एच-पीढी क़े  सलए िबि़े प्रिावशाली पाया गया। य़े पररणाम अन्य आर-ज़ेड् सवमानोां में और कॉस्थफ़िगऱेशन िी 

क़े  सलए अक्ष क़े  िाथ प्लाज्मा मापदांड्ोां (स्थस्थर स्थस्थसर्) क़े  अक्षीय और ऱे सड्यल प्रोफाइल की जाांच करऩे क़े  सलए 

एक प्ऱेरणा प्रदान करऱ्े हैं। 

वर्तमान कायत में, ररटासड्िंग फील्ड एनजी एनालाइजर (RFEA) का उपयोग करक़े  स्रोर् मुख क़े  लगिग ~ 10 

ि़ेमी िामऩे ~ 40 – 45 ईवी ऊजात वाल़े आयनोां का पर्ा लगाया जा िकर्ा है। यह अनुमान लगाया गया है 

सक आयन ऊजात स्रोर् मुख क़े  करीब असिक होर्ी है (~ 100 ईवी या असिक); ल़ेसकन RFEA को बार-बार 

नुकिान पहुांचऩे क़े  कारण, स्रोर् क़े  करीब माप नही ां सकए जा िक़े । यह सनिातररर् करऩे क़े  सलए सक आयन 

इन उच्च ऊजातओां को कैि़े प्राप्त करऱ्े हैं, प्लाज्मा मापदांड्ोां को स्रोर् मुख ि़े कक्ष में मापा गया। कम दबाव 

(~ 1 – 2 mTorr) पर माप ि़े मध्यम रूप ि़े उच्च घनत्व (ne ≈ 2 × 1017 m-3), उच्च इल़ेक्ट्र ॉन र्ापमान (Te 

≈ 50 ईवी), और स्रोर् मुख (z ≈ 0) क़े  करीब उच्च प्लाज्मा क्षमर्ा (Vp ~ 230 V) का पर्ा चला। z ≈ 5 ि़ेमी 

पर, सवस्तार कक्ष में प्लाज्मा स्रोर् क़े  बाहर, प्लाज्मा दो अलग-अलग इल़ेक्ट्र ॉन आबादी वाली अवस्था में पहुांच 

जार्ा है: (i) उच्च घनत्व, कम र्ापमान वाली बल्क इल़ेक्ट्र ॉन आबादी (ne ~ 2 – 6 × 1017 m-3, Te ~ 4 – 6 

ईवी) और (ii) कम घनत्व, उच्च र्ापमान वाली गमत इल़ेक्ट्र ॉन आबादी (nw ~ 4 × 1014 m-3, Tw ~ 40–60 

ईवी); इि िांक्रमण क़े  िाथ-िाथ, प्लाज्मा क्षमर्ा में िी िारी सगरावट द़ेखी जार्ी है (Vp ~ 20 V)। प्लाज्मा 

क़े  एक इल़ेक्ट्र ॉन ि़े दो-इल़ेक्ट्र ॉन आबादी में जाऩे पर प्लाज्मा क्षमर्ा में बडी सगरावट आयनोां को ऊजात बढावा 

प्रदान करर्ी है। यद्यसप ईिीआर क्ष़ेत्र क़े  िामऩे का प्लाज्मा एक उच्च Te (≈ 50 ईवी), उच्च Vp (≈ 250 V) 

प्लाज्मा है, प्रयोगोां में इि़े द़ेख पाना मुस्थिल है क्ोांसक, ज्यादार्र मामलोां में, प्लाज्मा स्रोर् क्ष़ेत्र क़े  िीर्र दो-
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इल़ेक्ट्र ॉन आबादी में िांक्रमण करर्ा है जहाां कठोर प्लाज्मा माप को रोकर्ा है। यह अवलोकन कम दबाव 

क़े  सलए इि काम में पाया गया है। स्रोर् क़े  िामऩे, अक्षीय चुांबकीय क्ष़ेत्र अच्छा ऱे सड्यल कारावाि प्रदान करऩे 

क़े  सलए पयातप्त उच्च (~ 300 - 400 G) है। चुांबकीय क्ष़ेत्र स्रोर् क्ष़ेत्र ि़े नीच़े की ओर सवचसलर् और कमजोर 

हो जार्ा है, जो ऱे सड्यल एकरूपर्ा में उल्ल़ेखनीय िुिार क़े  सलए िहायक हो िकर्ा है, जैिा सक कोई व्यस्थक्त 

अपस्टर ीम क्ष़ेत्र, यानी CEPS स्रोर् क़े  पाि ि़े, ड्ाउनस्टर ीम क्ष़ेत्रोां में जार्ा है, हालाांसक प्लाज्मा घनत्व में सगरावट 

की कीमर् पर। कक्ष क़े  ड्ाउनस्टर ीम क्ष़ेत्र में बड़े क्ष़ेत्र में H- उत्पादन क़े  सलए अनुकूलर्म स्थस्थसर्योां क़े  िांक़े र् 

ऩे इि क्ष़ेत्र में H- आयनोां क़े  आकलन क़े  सलए एक िैद्ाांसर्क मॉड्ल क़े  सनमातण को प्ऱेररर् सकया। दो-चरण 

वाली वॉलू्यम़ेसटरक सड्िोसिएसटव अटैचमेंट (DA) प्रसक्रया पर सवचार सकया गया। र्दनुिार, प्रायोसगक प्रणाली 

को वसु्तर्ः  दो क्ष़ेत्रोां में सविासजर् सकया गया था: एक CEPS स्रोर् क़े  पाि (शीर्त - क्ष़ेत्र 1) उच्च Te क़े  िाथ, 

कां पन ि़े उत्त़ेसजर् H2 अणुओां क़े  उत्पादन क़े  सलए एक ब़ेहर्र स्थस्थसर् - H- आयनोां क़े  सलए एक अग्रदूर्, और 

दूिरा बहुर् दूर ड्ाउनस्टर ीम पर (नीच़े - क्ष़ेत्र 2, क्ष़ेत्र 1 ि़े 35 ि़ेमी दूर) H- उत्पादन क़े  सलए उपयुक्त कम Te 

क़े  िाथ। 400 W की इनपुट शस्थक्त और 2 mTorr दबाव क़े  िाथ क्ष़ेत्र 2 में 1015 m-3 क़े  क्रम का H- घनत्व 

पाया गया। 

 

 

 

 

 

 



xiv 
 

Table of Contents 

 

UNDERTAKING ...................................................................................................... i 

CERTIFICATE ........................................................................................................ ii 

Acknowledgments ................................................................................................. iii 

Abstract ................................................................................................................. vi 

List of Figures ..................................................................................................... xvii 

List of tables ...................................................................................................... xxiv 

1     Introduction ...................................................................................................... 1 

1.1 Hydrogen Plasma & its Applications ............................................................................... 1 

1.1.1 Hydrogen Plasma in Processing Applications ............................................................ 3 

1.1.2 Hydrogen Plasma in Ion Beam Applications .............................................................. 5 

1.2 Need for Large-Volume System ...................................................................................... 8 

1.3 Motivation and Research Objectives ............................................................................. 13 

1.4 Summary of the Research Work .................................................................................... 16 

1.5 Outline of the Thesis ...................................................................................................... 18 

1.6 References: .................................................................................................................... 20 

2 Experimental Setup and Diagnostics .............................................................. 27 

2.1 Introduction ................................................................................................................... 27 

2.2 Mini-ELNIBS (ECR-based Large Negative Ion Source) ............................................... 29 

2.3 CEPS (Compact ECR Plasma Source) ........................................................................... 32 



xv 
 

2.4 Diagnostics .................................................................................................................... 35 

2.4.1 Diagnostic 1: Langmuir Probe .................................................................................. 36 

2.4.2 Diagnostic 2: RFEA for Ions .................................................................................. 41 

2.4.3 Diagnostic 3: Optical Emission Spectroscopy (OES) ........................................... 49 

2.5 References: .................................................................................................................... 53 

3 OPTIMISATION of Number of ECR Sources and Field Geometry ................... 55 

3.1 Introduction ................................................................................................................... 55 

3.2 CUSP Configuration ....................................................................................................... 57 

3.3 UNIPOLAR Configuration ............................................................................................ 60 

3.3.1 Six CEPS at Top Dome ............................................................................................... 61 

3.3.2 Seven CEPS at Top Dome ..................................................................................... 63 

3.3.3 Seven CEPS at Top Dome with 6 Side section source magnets ............................ 69 

3.4 FLARING Configuration ................................................................................................74 

3.5 Summary and Conclusions of the Chapter ................................................................... 80 

3.6 References: .................................................................................................................... 82 

4 Detailed characterization of expansion chamber via single CEPS ................. 83 

4.1 Introduction .................................................................................................................. 83 

4.2 System configuration and probe positioning................................................................ 84 

4.3 Axial Characterization of Expansion Chamber............................................................. 86 

4.4 Radial Characterization ............................................................................................... 102 

4.5 Power variation Studies using Langmuir Probe .......................................................... 107 

4.6 Experiments with RFEA ..............................................................................................109 



xvi 
 

4.7 Degree of Dissociation via OES ................................................................................... 114 

4.8 Summary & Conclusions of the Chapter ...................................................................... 120 

4.9 References: ................................................................................................................... 122 

5 Numerical model for determination of H- ion density .................................. 124 

5.1 Introduction ................................................................................................................. 124 

5.2 Production Mechanisms of H- ions .............................................................................. 125 

5.3 Destruction Mechanisms of H- ions ............................................................................. 128 

5.4 Model Approach ........................................................................................................... 131 

5.5 Results and Discussion ................................................................................................ 136 

5.5.1 Pressure variation Studies with actual experimental input parameters ................. 136 

5.5.2 Pressure-Temperature Variation Studies ................................................................ 138 

5.5.3 Effect of Warm Population on H- density ............................................................... 140 

5.6 Summary & Conclusion of the chapter ........................................................................ 141 

5.7 References: ................................................................................................................... 143 

6 Summary And Future Possibilities of Current Work .................................... 144 

6.1 Summary of the work ................................................................................................... 145 

6.2 Future Scope ................................................................................................................ 149 

Appendix 1: Langmuir Probe Analysis ................................................................ 152 

Appendix 2: RFEA Analysis ................................................................................. 157 

Appendix 3: OES Analysis ................................................................................... 161 

BIODATA ............................................................................................................ 164 

  



xvii 
 

List of Figures 

 

Figure 1.1 Applications of Hydrogen Plasma ................................................................................................... 2 

Figure 1.2 I-V characteristics of RF & ECR plasma treated poly-Si films (Source of figure: [23]) .............. 4 

Figure 1.3 Schematic depicting key steps taken for injection of ion beams into a fusion reactor ................ 6 

Figure 1.4 Neutralization efficiency vs Energy graph of Hydrogenic species both positive and negative 

(Source of figure: [33]) ........................................................................................................................................ 7 

Figure 1.5 a) Working principle of RF-based H- ion source prototype with b) parameter specifications 

mentioned for ITER and other established sources. (Source of figure: [38]) .................................................. 8 

Figure 1.6 Schematic of LVPS with 2 different configurations a) 1 source section sandwiched between two 

spacer sections (total height ~ 1.1 m), b) 2 source sections sandwiched between 3 spacer sections (full 

height~ 1.55 m). [Source of figure: 51] ............................................................................................................. 10 

Figure 1.7 Plot showing dependency of Collisional energy loss (εc) for H2 (Green dashed line), H-atom 

(Blue solid line), and Ar-atom (black dotted line) on electron temperature (Te). [Source of figure: 62] ..... 14 

Figure 2.1 Schematic showing the mini-ELNIBS chamber with all its components and CEPS sources. .. 31 

Figure 2.2 Image of CEPS with all its components marked along with a real-time image of CEPS, the 

components marked are (1) Magnetron (2) impedance matching unit (3) Mode converter (4) NdFeB ring 

Magnet Assembly (5) Plasma Source Section (PSS) ........................................................................................ 32 

Figure 2.3 On-axis Magnetic field profile of CEPS permanent Ring magnet indicating the position of a) 

Quartz Window, b) ECR zone, c) Null Point. ................................................................................................... 34 

Figure 2.4 Image showing a fully assembled system with multiple CEPS attached to it along with other 

components like diagnostics, gauges, gas line, etc. ......................................................................................... 35 

Figure 2.5 Schematic representation of the Capped Probe used for axial measurements in the upstream 

region.................................................................................................................................................................. 37 

Figure 2.6 Schematic representation of uncapped probe used for axial/radial measurements in the 

downstream region. ...........................................................................................................................................38 

Figure 2.7 Typical I-V characteristics of a plasma acquired via Langmuir probe ....................................... 39 

Figure 2.8 (a) I-V characteristic of single electron population showing the determination of saturation 

current (b) depicting estimation of Te from the slope of the graph (c) I-V characteristic of double electron 



xviii 
 

population showing the determination of saturation current (d) depicting estimation of Te & Tw from slopes 

of the graph. ....................................................................................................................................................... 41 

Figure 2.9 Schematic showing grid placement in RFEA and potential profile for all the grids ................. 43 

Figure 2.10   Ic-Vd characteristics (black curve with hollow circles) of RFEA in the plasma at power, 

pressure of 450W, and 1mTorr at z = 10 cm. The blue curve with hollow squares) shows the IEDF of 

corresponding Ic-Vd characteristics with an ion beam energy of ~ 43 eV. ..................................................... 44 

Figure 2.11 Schematic of SS Mesh showing the thickness of SS wire as “d” and the distance between two 

wires as “a.” Also, “r” shows the diagonal distance in the mesh section. ....................................................... 46 

Figure 2.12 The figure depicts the SEM images of SS mesh, which was used to make RFEA grids. The 

dimensions of the mesh have been clearly marked in the images. ................................................................. 46 

Figure 2.13 Schematic showing the entire internal structure of RFEA with all its components and 

insulations marked clearly. .............................................................................................................................. 48 

Figure 2.14 Schematic of mini-ELNIBS chamber showing placement of all the probes along with z = o 

positioning on the chamber. ............................................................................................................................. 49 

Figure 2.15  Schematic of CEPS coaxially attached to SVPS onto one end with a spectrometer unit on the 

opposite end for spectra collection from the source. ....................................................................................... 52 

Figure 3.1 The top view of the top dome depicts the placement of magnets in cusp configuration.  The 

yellow circle indicates CEPS ring magnets with field lines coming out of the chamber. The red cross 

indicates magnets with the field pointing into the chamber. The cross within the purple circle represents 

the placement of no magnets. The central blue circle indicates the Langmuir Probe for axial 

characterization. ................................................................................................................................................ 57 

Figure 3.2 Simulations showing top view of Magnetic field lines structuring for multi-cusp geometry 

clearly showing the cusp formation. ................................................................................................................. 58 

Figure 3.3 Variation of magnetic field density (Bz) along the axial direction (z) under the cusp 

configuration ...................................................................................................................................................... 59 

Figure 3.4 Photograph of Plasma generation in the Mini-ELNIBS in a multi-cusp configuration, taken 

from a viewport on the side wall. ..................................................................................................................... 60 

Figure 3.5 Top view of the top dome depicting placement of magnets in unipolar configuration.  The red 

cross indicates the magnets with field pointing into the chamber. The cross within the purple circle 

represents that no magnet has been placed. The central blue circle represents a Langmuir probe placed at 

this source port. ................................................................................................................................................. 61 

Figure 3.6 Simulations showing Magnetic field lines for unipolar geometry with 6 CEPS sources at the top 

dome of the chamber ......................................................................................................................................... 62 



xix 
 

Figure 3.7 Plasma generation in the Mini-ELNIBS in a Unipolar configuration with only 6 CEPS sources 

at the top dome of the expansion chamber ...................................................................................................... 63 

Figure 3.8 Top view of the top dome depicting placement of magnets in unipolar configuration.  The red 

cross indicates the field pointing into the chamber. The cross within the purple circle represents the 

placement of no magnets. ................................................................................................................................. 64 

Figure 3.9 Simulations showing magnetic field lines for unipolar geometry clearly show the dense 

magnetic field accumulation at the chamber downstream region.................................................................. 65 

Figure 3.10 (i) Axial Variation of magnetic field density and (ii) Radial Variation of magnetic field density 

@ z = 37.5 cm (black line, solid squares) and @ z =60 cm (red line, solid circles) for the configuration of 7 

CEPS at the top dome, all UNIPOLAR in direction. ........................................................................................ 65 

Figure 3.11 Plasma generation in the Mini-ELNIBS in a Unipolar configuration with 7 CEPS sources at the 

top dome of the expansion chamber ................................................................................................................ 66 

Figure 3.12 Radial plasma profiles at a pressure of ≈ 2 mTorr and microwave power ≈ 400W (at each 

CEPS) at z= 37.5 cm (Black) & z = 60 cm (Red) using 7 CEPS ignited with unipolar configuration. ......... 68 

Figure 3.13 Top view of the top dome depicting placement of magnets in unipolar configuration.  The red 

cross indicates ignited CEPS magnets with the field pointing into the chamber. The green arrow on the 

periphery shows dummy CEPS magnets with field pointing inside the chamber. ........................................ 70 

Figure 3.14 Simulations showing Magnetic field lines for unipolar geometry clearly show the push of 

upstream field lines toward the central region. ............................................................................................... 71 

Figure 3.15 (i) Axial Variation of magnetic field density and (ii) Radial Variation of magnetic field density 

@ z = 37.5 cm (black line, solid squares) and @ z =60 cm (red line, solid circles) for the configuration of 7 

CEPS at the top dome and 6 dummy magnets at the side section, all UNIPOLAR in direction. .................. 71 

Figure 3.16 Plasma generation in the Mini-ELNIBS in a Unipolar configuration with 7 CEPS sources at 

the top dome of the expansion chamber and 6 CEPS magnets at the side section in the unipolar geometry 

only. .................................................................................................................................................................... 72 

Figure 3.17 Radial plasma profiles at a pressure of ≈ 2 mTorr and microwave power ≈ 400W (at each 

CEPS) at z = 37.5 cm (Black) & z = 60 cm (Red) using 7 CEPS ignited with uni-polar configuration with 6 

side section magnets with alike polarity. ......................................................................................................... 73 

Figure 3.18 The top dome's top view depicts the magnets' placement in the flaring field configuration.  The 

red cross indicates the magnet with field pointing into the chamber. The cross within the purple circle 

represents no magnet placement. ..................................................................................................................... 75 

Figure 3.19 Simulations showing Magnetic field lines for flaring field geometry, displaying the dense 

magnetic field accumulation at the chamber downstream region.................................................................. 76 



xx 
 

Figure 3.20 Plasma generation in the Mini-ELNIBS in a single CEPS configuration at the central port of 

the top dome of the expansion chamber (with all other sources/magnets removed). The source diameter is 

provided as the reference scale for the image. ................................................................................................. 77 

Figure 3.21 Radial plasma profiles at a pressure of ≈ 2 mTorr and microwave power ≈ 400W (at each 

CEPS) at z= 37.5 cm (Black) & Z = 60 cm (Red) using Single CEPS ignited at the central port of the top 

dome. .................................................................................................................................................................. 78 

Figure 3.22 Magnetic field streamlines indicating spread of lines over different z-panes. The red lines 

come from within the CEPS, while the black lines originate outside the CEPS. ............................................ 79 

Figure 4.1 a) Geometrical representation of the chamber with a single CEPS (representative grey cylinder) 

mounted on the central source port. The different Langmuir probes (LP) and the energy analyzer (RFEA) 

mounted onto the system are also shown. b) An experimental chamber with a single CEPS is mounted 

centrally onto the top dome. ............................................................................................................................. 85 

Figure 4.2 Plot of axial magnetic field strength as a function of z clearly indicating ECR position as well as 

null position along with z = 0 positioning. ...................................................................................................... 86 

Figure 4.3 Axial plasma profiles of bulk density (ne) and warm density (nw) at a microwave input power ≈ 

of 400W. The three different curves in each graph correspond to plasma profiles for different pressures (p): 

0.5 mTorr (Red, open circle, and solid line), 1 mTorr (black, hollow square, and solid line), 2 mTorr (Blue, 

open triangle, and solid line). ........................................................................................................................... 87 

Figure 4.4 Axial plasma profiles of bulk density (ne) and warm density (nw) at a microwave input power ≈ 

of 400W. The two different curves in each graph correspond to plasma profiles for different pressures (p) 

3 mTorr (Green, open diamond, and solid line), 5 mTorr (purple, open star, and solid line). .................... 88 

Figure 4.5 Axial variation of ne/nw ratio for pressures 0.5 mTorr, 1 mTorr, and 2 mTorr. The three different 

curves in each graph correspond to plasma profiles for different pressures (p): 0.5 mTorr (Red, open circle, 

and dashed line), 1 mTorr (black, hollow square, and dashed line), 2 mTorr (Blue, open triangle, and dashed 

line).................................................................................................................................................................... 89 

Figure 4.6 Axial variation of ne/nw ratio for pressures 3 mTorr and 5 mTorr. The two different curves in 

each graph correspond to plasma profiles for different pressures (p) 3 mTorr (Green, open diamond, and 

dashed line), 5 mTorr (purple, open star, and dashed line). ......................................................................... 90 

Figure 4.7  Axial plasma profiles of Bulk electron temperature (Te) and Plasma Potential (Vp) at a 

microwave input power ≈ of 400W. The three different curves in each graph correspond to plasma profiles 

for different pressures (p): 0.5 mTorr (Red, open circle, and solid line), 1 mTorr (black, hollow square, and 

solid line), 3 mTorr (Blue, open triangle, and solid line). ............................................................................... 91 

Figure 4.8 Axial plasma profiles of Bulk electron temperature (Te) and Plasma Potential (Vp) at a 

microwave input power ≈ of 400W. The two different curves in each graph correspond to plasma profiles 



xxi 
 

for different pressures (p) 3 mTorr (Green, open diamond, and solid line), 5 mTorr (purple, open star, and 

solid line). ........................................................................................................................................................... 92 

Figure 4.9 Profiles showing normalized bulk density values at different pressures & their behavior 

corresponding to normalized B (at a microwave input power ≈ of 400W). The graph corresponds to n/B 

scaling for different pressures (p) (i) 0.5 mTorr (black, open Circle, and solid line), 1 mTorr (red, hollow 

square, and solid line), (ii) 2 mTorr (Blue, open triangle, and solid line), 3 mTorr (green, open inverse 

triangle, and solid line), 5 mTorr (Brown, open star, and solid line). ............................................................ 93 

Figure 4.10 Axial plasma profiles of bulk density (ne) and warm density (nw) at a microwave input power 

≈ of 400W. The three different curves in each graph correspond to plasma profiles for different pressures 

(p): 0.5 mTorr (Red, open circle, and solid line), 1 mTorr (black, hollow square, and solid line), 2 mTorr 

(Blue, open triangle, and solid line). The inset figure in both plots shows a zoomed x-scale for better 

visualization of plasma profiles in the downstream region. ........................................................................... 95 

Figure 4.11 Axial plasma profiles of Bulk electron temperature (Te) and Plasma Potential (Vp) at a 

microwave input power ≈ of 400W. The three different curves in each graph correspond to plasma profiles 

for different pressures (p): 0.5 mTorr (Red, open circle, and solid line), 1 mTorr (black, hollow square, and 

solid line), 2 mTorr (Blue, open triangle, and solid line). Inset figure in both the plots shows zoomed x-scale 

for better visualisation of plasma profiles in downstream region. ................................................................. 96 

Figure 4.12 Axial plasma profiles of bulk density (ne) and warm density (nw) at a microwave input power 

≈ of 400W. The two different curves in each graph correspond to plasma profiles for different pressures (p) 

3 mTorr (Green, open diamond, and solid line), 5 mTorr (purple, open star, and solid line). Inset figure in 

both the plots shows zoomed x-scale for better visualisation of plasma profiles in downstream region. ... 97 

Figure 4.13  Axial plasma profiles of Bulk electron temperature (Te) and Plasma Potential (Vp) at a 

microwave input power ≈ of 400W. The two different curves in each graph correspond to plasma profiles 

for different pressures (p) 3 mTorr (Green, open diamond, and solid line), 5 mTorr (purple, open star, and 

solid line). The inset figure in both plots shows a zoomed x-scale for better visualization of plasma profiles 

in the downstream region. ............................................................................................................................... 98 

Figure 4.14 Profiles showing normalized bulk density values at different pressures & their behavior 

corresponding to normalized B (at a microwave input power ≈ of 400W). The graph corresponds to n/B 

scaling for different pressures (p) 0.5 mTorr (Red, open Circle, and dotted line), 1 mTorr (black, hollow 

square, and dotted line) & 3 mTorr (Blue, open triangle, and dotted line). The solid lines for all three colors 

show normalized magnetic field intensity. ...................................................................................................... 99 

Figure 4.15 Graph representing parallel diffusion (marked black with red closed circles) on the left Y-axis, 

and Ion-neutral Collison frequency (marked blue with red closed squares) on the right Y-axis, vs. pressure 

(0.5 – 5 mTorr). ............................................................................................................................................... 100 



xxii 
 

Figure 4.16  Graph showing the behavior of cross-field diffusion (Dperp) along the axis for different 

pressures. The inset figures show more zoomed-in values of Dperp against the z-axis for the same pressures. 

0.5 mTorr is marked by black line-hollow squares, 1 mTorr is marked by red line-hollow circles, 2 mTorr is 

marked by blue line-hollow triangles, 3 mTorr is marked by green line-hollow diamonds, and 5 mTorr is 

marked by orange line-Hollow stars. ............................................................................................................. 101 

Figure 4.17 Radial profiles at a pressure of ≈ 2mTorr (Red, open circle, and dashed line) & 3mTorr (Blue, 

open triangle, and dashed line) at microwave power (P) ≈ 400W @ different z-planes. The different graphs 

correspond to: I. Bulk electron density (ne), II. Bulk electron temperature (Te) III. Warm density with each 

subplot representing data from different z-planes viz., (a) z = 15 cm; (b) z = 22.5 cm; (c) z = 27.5 cm; (d) z 

= 37.5cm; and (e) 67.5 cm. .............................................................................................................................. 103 

Figure 4.18 Variation of expansion of Magnetic field lines of Single CEPS magnet in the radial direction 

at different z-planes (z = 10cm, 22.5 cm, 37.5 cm, 67.5 cm). ........................................................................ 104 

Figure 4.19  Radial profiles at z =37.5 cm at different pressures 1 mTorr (Black, open square, solid line), 

2mTorr (Blue, open triangle, and solid line), 3mTorr (Green, open diamond, and solid line) & 5mTorr 

(purple, open stars, solid line) with each subplot depicting (a) Bulk electron density (ne), (b) Warm electron 

density (nw), (c) Bulk electron temperature (Te) (d) Plasma potential (Vp) at microwave power (P) ≈ 400W

 .......................................................................................................................................................................... 106 

Figure 4.20  Variation of plasma parameters with microwave input power at z=37.5 cm & r = 0 cm; 

pressure (p) ≈ 1 mTorr .................................................................................................................................... 107 

Figure 4.21  The image depicts the switching of a continuous flaring plasma into a filamentary one. In the 

second image (ii), when power is increased from 400 W to 800 W, the formation of three filaments in the 

plasma can be clearly seen, which is not there in the first image (i), which shows plasma at 400 W and 

pressure 2 mTorr. ............................................................................................................................................ 108 

Figure 4.22 Image depicting plasma at 400 W input power and 2 mTorr pressure with RFEA assembly 

below the CEPS source (at z = 25 cm). ........................................................................................................... 110 

Figure 4.23 Graph denoting the collector current (Ic) vs discriminator voltage (Vd) for Hydrogen plasma 

at pressure 0.5 mTorr and Power 400 W for various z-locations. ................................................................. 111 

Figure 4.24 Graph denoting the ion energy distribution function curve for Hydrogen plasma at pressure 

0.5 mTorr and Power 400 W for various z-locations, clearly indicating the peak ion energy at every z-plane.

 ...........................................................................................................................................................................112 

Figure 4.25 Graph denoting the radial variation of ion energy distribution function curve for Hydrogen 

plasma at pressure 1 mTorr and Power 400 W at z = 20 cm, clearly indicating the peak ion energy at every 

radial extent. .....................................................................................................................................................113 



xxiii 
 

Figure 4.26 Graph denoting the radial variation of ion energy distribution function curve for Hydrogen 

plasma at pressure 1 mTorr and Power 400 W at z = 30 cm, clearly indicating the peak ion energy at every 

radial extent. .....................................................................................................................................................113 

Figure 4.27 Image of the experimental system of SVPS with all its components clearly marked along with 

CEPS assembly at the right end of the chamber. ............................................................................................ 115 

Figure 4.28 Schematic of mini-ELNIBS and SVPS, indicating the difference in mounting of CEPS. In mini-

ELNIBS, CEPS and viewport are at a perpendicular position to each other................................................ 116 

Figure 4.29 Emission spectra of Hydrogen Plasma at pressure ~ 2mTorr and power ~ 400W. The image 

clearly depicts three dominant Balmer lines: Hα, Hβ, and Hγ. ....................................................................... 117 

Figure 4.30 Graph depicting dependency of emission rate coefficient (Kem) versus electron temperature 

(Te) of excited H atom generation reaction via both direct excitation and dissociative excitation for alpha 

and beta transitions. ........................................................................................................................................ 118 

Figure 4.31  Variation of degree of dissociation I) (D.o.D) and II) density ratio of H with H2 with pressure 

for three different temperatures i) Te = 10 eV (open squares, black, solid line), ii) Te = 20 eV (open squares, 

red, solid line), and iii) Te = 50 eV (open squares, blue, solid line) .............................................................. 119 

Figure 5.1  Collison cross-sections (in 10-20 m2) versus Energy (in eV) for different vibrational states for (i) 

EV reaction and (ii) DA reaction. (Source of figure: [6]). ............................................................................. 127 

Figure 5.2 Schematic of CEPS coaxially attached to expansion chamber where zone 1 is the upstream 

region (z ~ 0 - 5 cm) and zone 2 is the downstream region (~ 30 - 40 cm). Initial input parameters are 

denoted alongside the respective zones 1 & 2. ............................................................................................... 132 

Figure 5.3 Pressure variation studies on H- ion density with experimentally obtained plasma parameters 

fed into the model. ........................................................................................................................................... 137 

Figure 5.4 Effect of temperature variation of zone 1 on hydrogen negative ion density for different 

pressures ranging from 0.5 - 5 mTorr. During the calculations, the temperature in zone 2 has been kept 

constant at 2 eV. .............................................................................................................................................. 138 

Figure 5.5 Effect of temperature variation of zone 2 on hydrogen negative ion density for different 

pressures ranging from 0.5 - 5 mTorr.  During the calculations, the temperature in zone 1 has been kept 

constant at 20 eV. ............................................................................................................................................ 140 

 

 

  



xxiv 
 

List of tables 
 

Table 5.1 Production & Destruction Processes of H- ions ......................................................... 129 

Table 5.2 Production & Destruction Processes of H2*(υ) molecules considered in the 0-D model

...................................................................................................................................................... 131 

Table 5.3  The table depicts the values of all the input parameters fed in the model for calculating 

nH
- ................................................................................................................................................. 134 

Table 5.4 Effect of warm population on the Hydrogen negative ion density, i) includes warm 

electrons in the model, ii) no inclusion of warm electrons in the calculations. .......................... 141 

 




