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In this dissertation, the author opened and developed the new approach for fragmentation mass
spectrometry in identifying the complex biomolecular structures. Unlike charged particles, electrically neutral
atomic hydrogen can induce the fragmentation of massive biomolecules by the high reactivity without
destroying fragile yet hydrogen insensitive bonding of functional groups. Two types of microwave driven
compact radical beam sources which efficiently produce various kinds of reactive radicals were developed.
The versatility of the radical source achieved realization of the peptide and lipid analyses. In order to
understand the mechanism responsible for atom induced dissociation reactions, velocity distribution functions
characterized by atomic temperature of hydrogen atoms produced in the two different radical sources have
been measured by developing a dedicated atom velocity measurement system. The experimental results show
a good agreement with calculated results of dissociation reaction for peptide molecules by density functional
theory.

This study focused on the development of a new fragmentation technique to analyze the primary
structures of unknown fragile biomolecules, especially in the post-translational modification (PTM) that
characterizes the peptides. The PTMs have been believed to be the causes of several diseases, however, the
structural analyses of the peptide ions including PTMs is considerably complicated due to their uncontrolled
dissociation processes leading to different fragments. Although there are conventional ways to analyze a
portion of the PTMs based upon the electron induced dissociation processes, the analyzable tar- gets are
strictly limited since both incident electrons and analyzable targets have electrical charges. In order to resolve
the problem of the existing methods, a new fragmentation technique, HAD (Hydrogen
Attachment/Abstraction Dissociation), was proposed in 2016. In HAD method, electrically neutral atomic
hydrogen works as a trigger of the peptide fragmentation preserving PTMs. In the original HAD study, a
thermal cracking type atomic hydrogen source with a high temperature tungsten capillary injected atomic
hydrogen to the reaction chamber. High temperature components of the source do not only cause outgassing,
but also shortens the operational lifetime (~ 100 h) as tungsten becomes reactive against residual oxygen and
halogens at an elevated temperature. Although the HAD experiment achieved the cleavage of the peptide ions,
several prior researches could not induce the peptide fragmentation by atomic hydrogen injection. Thus, a
wide energy range of the atomic hydrogen production is important for elucidation of the HAD mechanism.

A radio frequency (RF) plasma generator neither has high-temperature components nor has
requirements to arrange complicated electrode structures to maintain high electric current necessary to run an
ohmic heater in vacuum. The electrode structure of the RF source determines the discharge modes; the RF
plasma are distinguished by plasma density into capacitively coupled plasma (CCP) and inductively coupled
plasma (ICP). In general, RF plasma source utilize frequency in the MHz order to ignite and sustain a plasma.
However, in this study, a 2.45 GHz microwave with a wavelength shorter than a typical MHz RF wave to
reduce the operation gas pressure and increase the radical density. Microwave driven CCP and localized
inductively coupled plasma (LICP) sources were developed in this study.



The development of the 1st and 2nd generation microwave driven CCP source indicated that the
electrode geometry to enhance the local electric field was an important factor in drastically reducing the
operating gas pressure. In contrast, the LICP type radical source that couples the input microwave power to
the plasma by winding a coil around a small diameter dielectric tube adopted an electron cyclotron resonance
(ECR) which significantly enhanced the ignition and stable production of the plasma. The modified 1.5th gen
LICP source exhibited a high degree of dissociation of hydrogen compared with the CCP source. Though
both microwave CCP and LICP source produced atomic hydrogen within the source plasma, microwave
leakage and heat loss from the impedance matching circuit are not negligible because these dissipative factors
induce the instability of the source operation.

In order to resolve these problems on the previous generation radical sources, tuner- integrated type
microwave driven CCP and LICP sources were developed. Unlike the 2nd gen CCP source, the newly
developed 3rd and 4th gen CCP sources were able to emit plasma efficiently as a form of a plasma plume. A
copper plunger tunes the impedance of the source system easily without any external matching circuit. The
2nd gen LICP source is similarly tuned by the copper plunger which contacts the surface of the spiral antenna
coiled around the dielectric tube. The developed 2nd gen LICP source exhibited three types of plasma
excitation mode attributable to the field configuration, which is quite similar with the mode transitions well
studied in the MHz-RF plasma sources. A velocity distribution function of produced atomic hydrogen in the
developed sources have been measured by developing a dedicated mass separated time of flight (MSTOF)
system. The atomic temperature of the 2nd gen hydrogen LICP was determined as 600 K by chi-square test
regarding to the theoretical calculation. The atomic temperature of the 3rd gen CCP source was obtained to
be ranging from 872 K to 1020 K for 40 W to 70 W power input. In contrast, hydrogen atoms produced in
the thermal cracking source exhibited the two representative temperatures that can be attributable to the hot
capillary and filament.

Demonstration of the HAD reaction with developed radical sources concluded that the cleavage of the
peptide ions by atomic hydrogen injection requires a threshold energy for a hydrogen atom to induce the
fragmentation. The 2nd gen hydrogen LICP injection did not show any fragmentation. However, the 3rd gen
CCP and 1.5th gen LICP showed fragment ions similar to the original HAD product ions. Therefore, the
atomic temperature generated in the 1.5th gen LICP source can be considered higher than that of the 2nd gen
LICP source and lower than that of the thermal cracking cell.

The developed sources of three different energy ranges are applied as a probe of the negative hydrogen
ion surface production at the cesiated low work function surface. The hydrogen atoms emitted from the
thermal cracking source and the 3rd gen CCP source achieved conversion from an atomic hydrogen to the
negative hydrogen ion at the surface. These phenomena also identical with the relationship in the temperatures
obtained in the previous chapters.

A series of experiments have identified the characteristic of each radical source behavior for the three
types of developed sources. The versatile tuner-integrated microwave driven sources can produce various
kinds of reactive radicals without the need for pre- liminary impedance matching. The difference in
temperature or the velocity distribution functions of three types of radical sources may open a new field of
study in the fragmentation mass spectrometry utilizing radical induced dissociation.



