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Abstract

The goal of this work is to prove the feasibility of building a laser system that can
generate mid-infrared radiation with the parameters required for the measurement of the
hyperfine splitting in the ground state of the mounic hydrogen spectroscopy.

The first experimental results of a very straightforward scheme that, to our knowledge,
has not been considered in the literature, are presented. We study a laser test bench
system emitting nanosecond pulses of infrared tunable radiation in the spectral range
6.78 um with high energy and narrow line-width, based on direct difference frequency
generation (DFQG), in non-oxide nonlinear crystals, using as pump lasers a single-mode
Nd:YAG laser and tunable narrowbandwidth Cr:forsterite laser.

The investigated system is based on lithium thioindate (LilnS;) and silver thiogallate
(AgGaS,) crystals cut for type II difference frequency generation. The pulses of the
Nd:YAG laser (1,064 pm) are combined with the pulses at ~ 1.262 pum of the
Cr:forsterite laser through a dichroic mirror and sent to the nonlinear crystals in different
optical geometries. The generated radiation reaches an output energy up to 80 wJ in a
single pass optical geometry, has 10 ns long pulses at 50 Hz frequency repetition rate
and is tunable in the range 6595 — 6895 nm. These first results prove the suitability of
such an approach for building the laser system for the muonic-hydrogen experiment.

Pesrome

[lenTa Ha Tazu paboTa € Ja MOKaKe OCHINECTBUMOCTTA Ha Ch3/IaBAHETO Ha Jla3epHa
CUCTEMa, KOSITO MOXKE Jla TeHepupa CpeHO MH(PpayepBEeHO JTBbUECHUE C MapaMeTpUTE,
HEe0OXO/IMMH 3a U3MEpPBaHE Ha CBPBX(UHOTO pa3feiiTHE B OCHOBHOTO ChCTOSHUE Ha
MIOOH-BOJIOPOJHATA CIIEKTPOCKOIUSI.

[IpencraBenu ca MbpPBUTE €KCIIEPUMEHTAHU PE3YJTATH OT MHOTO M3YUCTEHA CXEMa,
KOSITO, JOKOJKOTO HHM € M3BECTHO, He € Owmia pasriefaHa B JiUTepaTypara Ipeu.
N3yyaBame TecTOBa BepcHs Ha JIa3epHA CUCTEMA, U3 ThUBAIlla HAHOCEKYHITHU UMITYJICH
Ha HMH(]paYepBEHO MPEHACTPONWBAEMO ITHUYCHHE B CIEKTpATHHUAT oOxBar 6,78 pum c
BHCOKa €HEPTHsl U TSACHA IMPOYMHA HA JIMHUATA, Oa3upaHa Ha TUPEKTHA T€HEPUPALIHS
¢ u3Baxaane Ha dyectotd (DFG), B HEOKCUIHU HEIMHENHU KPUCTAIH, W3MOJI3BAMKU
Karo HamoMmmBamuy Jazepu eaHomonoB NdA:YAG nazep u mpeHacTpoiiBaeM
Cr:(opcreput 51azep ¢ TecHa IIMPUHA HA CIIEKTpaIHaTa JTUHUS.

Nscnenanara cucteMa e 6azupana Ha kpuctanu autueB Tuouaat (LilnS») u cpedbpen
tuoraniat (AgGaS;), uzpszanu 3a Tun Il renepauus ¢ u3BaXJaHE HA YECTOTH.
Umnyncure Ha Nd:YAG nazep (1,064 um) ce komOuHMpaT ¢ ummysicure Ha ~ 1,262
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um Ha Cr:forsterite 1a3ep npe3 AMXPOUYHO OTIETANIO U Ce U3MPAIIaT KbM HEIWHEHHNTE
KPHCTaJIM B Pa3IMYHH ONTUYHU FeOMEeTpuH. [ 'eHepupaHoTo TbYCHHE TOCTUTA U3XOIHA
eneprus 10 80 pJ B enHOMpoxoHA TEOMETpHsI, C IBJDKMHA Ha nuMmyiacute 10 ns npu
yectoTa Ha noropenue 50 Hz u e npenactpoiiBaema B auanazona 6595 — 6895 nm.
Te3u mbpBU pe3yaTaTH 10Ka3BaT NPUIOKUMOCTTA HA TAKbB MOAXO/] 32 U3TPaXKIaHe HA
Ja3epHaTa CUCTeMa 3a eKCIIEPHUMEHTa C MIOOH-BOJIOPOI.

A2. Stoychev L.I., Danailov M.B., Nikolov I.P., Demidovich A.A., Bakalov D.,
Vacchi A., “Increasing the output energy of MID-IR laser system for muounic-
hydrogen spectroscopy”, 2015 Fotonica AEIT Italian Conference on Photonics
Technologies, 1-3, DOI: 10.1049/cp.2015.0183. be3 IF, csc SJIR

Abstract

In this paper we describe a promising approach to increase the output energy of a laser
system emitting infrared radiation in the spectral range 6.78um based on direct
difference frequency generation in non-oxide nonlinear crystals using single-mode
Nd:YAG laser and tunable Cr:forsterite laser, which was developed for the muonic-
hydrogen experiment. The investigated system is based on lithium thioindate (LiInS:)
crystal cut for type II difference frequency generation. The pulses of the Nd:YAG laser
(1,064 um) are combined with the pulses at ~ 1.262 um of the Cr:forsterite laser through
a dichroic mirror and sent to the nonlinear crystals in different optical geometries. The
generated radiation reaches an output energy more than 90 uJ in a single pass optical
geometry, has 10 ns long pulses at 50 Hz frequency repetition rate and is tunable in the
range 6695 — 6870 nm. These results prove the suitability of such an approach for
building the laser system for the muonic-hydrogen experiment.

Pesrome

B Ta3u cratus HuMe ommcBaMe oOelaBanl MOAXOJ] 3a YBEJIMYaBaHE HAa W3XOJHATA
€Heprusi Ha Jja3epHa CUCTeMa, M3TbyBalla MH(PAuepBEHO JbUYECHUE B CIEKTPATHUS
oOxBaT 6,78 um Ha 0a3aTa Ha JUPEKTHA T'eHepUpalus C M3BaXKJIaHE HA YECTOTH B
HEOKCHJIHM HENMHEHHU KpHUCTanM, u3moja3Baiku eaHomonoB Nd:YAG nmazep u
npeHactpoiiBaem Cr: opcrepuTeH jazep, KOHTO € pa3pabOTeH 3a eKCIEpUMEHTa ¢
MIOOHHO-BOJI0pOo/. M3cnenBanara cucremMa ce OCHOBaBa Ha KPUCTAJ OT JIUTHEB THOMIAT
(LiInS»), m3ps3an 3a renepupanus ¢ u3Baxnane Ha dectotu tun II. Ummyncure Ha
Nd:YAG nazepa (1,064 pum) ce xomOuHupar ¢ ummyrncure npu ~ 1,262 um Ha
Cr:forsterite y1azepa npe3 AUXPOMYHO OIVIEJAIIO U CE€ U3IpalaT KbM HEJIMHEHHHUTE
KPUCTAJIA B PA3JIMYHU ONTUYHHU I€OMETPUU. | €eHEpUPAaHOTO TBUEHUE JOCTUTA U3XOJHA
eHeprust nosede or 90 pJ B enHOMpOXOoAHA ONTHUYHA TEOMETpPHUs, C AbJDKMHA Ha
umnyscuae 10 ns, npu uyectora Ha noBTopeHue 50 Hz u e mpenactpoiiBaeMo B
nuarnazona 6695 — 6870 nm. Te3u pe3ynratu J0Ka3BaT MPUTOJHOCTTA Ha MOJ00EH
MOJIXO0J1 32 M3rpakJIaHE Ha JIa3epHaTa CUCTEMA 3a EKCIIEPUMEHTA C MIOOH-BOAOPO/I.

A3. Stoychev L.I., Cabrera H., Gadedjisso-Tossou K.S., Nikolov I.P., Sigalotti P.,
Demidovich A.A., Suarez-Vargas J.J., Mocchiutti E., Niemela J., Baruzzo M., Vasiliev
N., Zaporozhchenko Y., Danailov M.B., Vacchi A., “Pulse amplification in a Cr4+:
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forsterite single longitudinal mode (SLM) multi-pass amplifier”, Laser Physics 29 (6),
065801, 2019. Q2/Q3

Abstract

An efficient multi-pass Cr:forsterite master oscillator-power amplifier laser system
operating in the single-longitudinal mode was demonstrated and characterized. A
significant increase in energy was obtained in a six-pass amplifier configuration giving
a maximum value of up to 10.8 mJ, with a good beam quality and without significantly
broadening the linewidth or increasing the M?. The amplifier performance was
evaluated as a function of the pump energy and the number of passes. A Fourier
transformation of the laser pulses was performed to confirm the linewidth value
measured using a Fabry—Perot etalon.

Pesrome

JleMOoHCTpUpaHa 1 OXapakTepu3npaHa € eheKTHBHa MHOTOIIPOXO/IHA JIa3epHA CUCTEMa
Ha Cr:forsterite OT Tuma yrmpasisBalll OCIHJIATOP - YCHJIBATEI HA MOIIHOCT, padoTemia
B €IHOYECTOTECH PEKUM. 3HAYUTEIHO YBEIMUEHHE HA CHeprusra Oerle MoIydeHo Mpu
KOH(Urypalusi Ha yCUJIBATENs C IIECT MPOXoja, JaBalla MaKCHUMajHa CTOWHOCT Ha
eHeprusta 10 10,8 mJ, ¢ 106po kauecTBO Ha CHOIA U 0€3 3HAUYUTEIHO PA3MIUPSABAHE HA
IIMPUHATA Ha CTIIEKTPAIHATA JIMHUS WU yBeardaBaHe Ha M2. [[pou3BOAUTENHOCTTA HA
yCHJIBaTeNIl € OLEHeHa KaTo (YHKIHMS OT HaloMIBamaTa eHeprus u Opos Ha
npeMuHaBaHuATa. M3BbpiieHa e Tpanchopmanus Ha Dypue Ha Ta3epHUTE UMITYJICH, 33
Ja ce MOTBBPAM CTOMHOCTTa Ha IIMPHHATAa HAa CHEKTpajHaTa JIMHUSA, U3MEPEHa C
nomotura Ha ®abpu-Ilepo eranoH.

A4. Stoychev L.., Cabrera H., Gadedjisso-Tossou K.S., Vasiliev N,
Zaporozhchenko Y., Nikolov I.P., Sigalotti P., Demidovich A.A., Suarez-Vargas J.J.,
Mocchiutti E., Pizzolotto C., Niemela J., Baruzzo M., Danailov M.B., Vacchi A., ‘24
mJ Cr+4:forsterite four-stage master-oscillator power-amplifier laser system for high
resolution mid-infrared spectroscopy”, Review of Scientific Instruments 90, 093002
(2019); DOI: 10.1063/1.5115105. Q2

Abstract

We present the design of a Cr:forsterite based single-frequency master-oscillator power-
amplifier laser system delivering much higher output energy compared to previous
literature reports. The system has four amplifying stages with two-pass configuration
each, thus enabling the generation of 24 mJ output energy in the spectral region around
1262 nm. It is demonstrated that the presented Cr:forsterite amplifier preserves high
spectral and pulse quality, allowing a straightforward energy scaling. This laser system
is a promising tool for tunable nonlinear down-conversion to the mid-infrared spectral
range and will be a key building block in a system for high-resolution muonic hydrogen
spectroscopy in the 6.8 um range.

Pesrome
[IpencraBen e nuzaitH Ha Cr:forsterite ma3zepHa cucTteMa OT THUIMA E€IHOYECTOTEH
yOpaBisBaIl OCIIWIATOP - YCHJIBATEI HA MOIIHOCT, OCUTYypsBaIlla MHOTO MO-BHCOKa
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W3XOJIHA €HEPTHUsI B CpaBHEHUE C IPEAMIIIHU JIOKIIAau B tuTeparyparta. Cucremara uma
YETHPHU YCUJIBAIIM CTENIEHU C ABYNPOXOAHA KOH(MUTYpaIns BCEKH, KaTO MO TO3W HAUYWH
MO3BOJIsIBA TEHEPUPAHETO HA U3X0HA eHeprus oT 24 mJ B criekTpaigHaTa 00JacT OKOJI0
1262 nm. Jloka3aHo e, de mpencraBeHusT ycunsaren Cr:forsterite 3amasBa BHCOKO
KaueCTBO HA CIEKTPATHUTE MapaMeTpu U UMITyJICa, MO3BOJISIBAUKHU JIECHO €HEPTrUHHO
Mamabupane. Ta3u jgazepHa cucreMa € oOellaBall HHCTPYMEHT 3a MPEHACTPONBaeMO
HEeJIMHEWHO nMpeodpazyBaHe B cpe/iHus HHGpadYepBeH CIEKTpaJieH AUAMa30H U 111e 0b/e
KJIFOYOB T'PAJIMBEH €JIEMEHT B CHUCTEMa 3a MIOOH-BOJOPOJI CIEKTPOCKOIMHUS C BUCOKA
pazzenurenHa cocoOHOCT B Auana3ona 6,8 pm.

AS. Benocci R., Bonesini M., Gadedjisso-Tossou K.S., Cabrera H., Stoychev L.I.,
Rossella M., BaruzzoM., Consonni M., Suarez-Vargas J.J., “Laboratory tests for MIR

light detection and transport with specialty optical fibres”, Journal of Instrumentation
15 (04), C04030, 2020. Q1

Abstract

The FAMU (Fisica degli Atomi Muonici) experiment at the RIKEN RAL pulsed muon
facility will measure the proton Zemach radius with high precision, thus contributing to
the solution of the so-called “proton radius puzzle”. The situation is now confused and
new measurements will help reduce the discrepancy as measured with electrons or
muons. To this aim, FAMU will make use of a high-intensity pulsed muon beam at
RIKEN-RAL impinging on a cryogenic hydrogen target and a tunable Mid-infrared
(MIR) laser emitting at about 6.78 um, to measure the hyperfine (HFS) splitting of the
IS state of muonic hydrogen. The injection of light into the cryogenic target and its
monitoring via dedicated MIR sensors is an asset for the experiment. A possible solution
is via specialty MIR fibres based on hollow core waveguides or polycrystalline fibres.
Two dedicated setups based on pulsed QCL lasers, from Alpes Laser, emitting around
6.78 um have been used to study the fibre attenuation while the high energy laser
specifically developed for the FAMU project has been used to study the damage
threshold at high energies. The alignment of MIR laser radiation into an optical cavity
presents criticalities due to geometrical constraints. Its control requires the use of small
and sensitive detectors. The results obtained with a quantum IR sensor with an
integrated circuit for signal processing are reported.

Pesrome

Excniepumentst FAMU (Fisica degli Atomi Muonici), KOWTO 1€ ce H3BbpPLIM B
chopbxeHueTo 3a ummnysicHu Moo B RIKEN RAL, mie nsmepBa npoToOHHUS pagnyc
Ha Zemach ¢ BUCOKA TOYHOCT, KaTO 110 TO3HM HAYWH L€ JONPUHECE 3a PEIIaBaHeTO Ha
TaKa Hape4yeHwus ,,I1b3€J Ha IPOTOHHUA paanyc’. KbM MOMeHTa cuTyanusara € CriopHa
Y HOBUTE M3MEPBAHUs 1€ TIOMOTHAT 3a HAMAJIIBaHE HA HECHOTBETCTBUETO, U3MEPEHO
C CIEKTPOHM M MIOOHHM, CBOTBETHO. 3a Tazu wnean FAMU me wusnonssa
BUCOKOMHTEH3MBEH nMItysiceH MooHeH cHoll B RIKEN-RAL, nHacoueH kbM Boiopos B
MUIIEHAa P KPUOT€HHHM TEMIEPATYpH, M IPEHACTPONBAaEM Jia3ep B CpPEIHUS
uH¢ppauepBen auanazoH (MIR), umznpuBamr oxosno 6,78 pm, 3a u3MepBaHe Ha



xunepGuHOTO pasiepBane Ha 1S ChbCTOSHUETO Ha MIOOH-BOIOPO 1. MHKEeKTHpaHETO Ha
CBETJIMHA B KPUOTEHHATA 11eJ1 U HEMHOTO Halmronenue upe3 crennaninu MIR cenzopu
€ NPEeIUMCTBO 3a €KCIIEpUMEHTa. Bb3MOXKHO pelieHre 3a TpaHCIIOpTa Ha CBETJIMHATA
1o uenta e ype3 cneruanau MIR Brnakna, 6a3upanu Ha BBJIHOBOAM C KyXa ChpIeBUHA
WIM TOJWKPUCTAIHA BJakHAa. J[Be clenMamHu ONMHWTHU YCTAHOBKH, Oa3WpaHd Ha
umnyscau QCL nasepu, ot Alpes Laser, nsnpuBamiu okoso 6,78 um, ca M3M0a3BaHU 3a
U3CIIEIBAHE HA MOMIBIIAHETO BBB BJIAKHATA, JIOKATO BHCOKOCHEPTHUHMSAT JIa3ep,
cnernuaiHo paspadboren 3a nmpoekra FAMU, e u3non3Ban 3a u3cieBaHe Ha mpara Ha
paspylieHue npu BUCOKHM eHepruu. HactpormBanero Ha MIR nazepHo npueHue B
ONTUYHA CHCTEMA € CJOXHO TIOpagud TEOMETPUYHH OrpaHndeHud. HeroBoto
yIpaBJjeHUE U3UCKBA U3MOI3BAHETO Ha MAJIKU U YyBCTBUTEIHU JeTeKTOpU. OTUUTAT Ce
pe3ynrarute, mojyueHu ¢ kBaHToB IR ceH30p ¢ mHTerpamHa cxema 3a o0paboTka Ha
CUTHAJIA.

A6. Stoychev L.I., Cabrera H., Suarez-Vargas J.J., Baruzzo M., Gadedjisso-Tossou
K.S., Nikolov I.P., Sigalotti P., Demidovich A.A., Mocchiutti E., Pizzolotto C., Niemela
J., Guido T., Danailov M.B., Vacchi A., “DFG-based mid-IR tunable source with 0.5 mJ
energy and a 30pm linewidth”, Opt. Lett. 45, 5526-5529 (2020), DOI:
10.1364/0L.405272. Q1

Abstract

We report on a laser system based on difference frequency generation (DFG) to produce
tunable, narrow-linewidth (<30 pm), and comparatively high-energy mid-IR radiation
in the 6.8 um region. The system exploits a lithium thioindate (LiInS2) nonlinear crystal
and nanosecond pulses generated by single-frequency Nd:YAG and Cr:forsterite lasers
at 1064 and 1262 nm, respectively. Two experimental configurations are used: in the
first one, single-pass, the mid-IR energy achieved is 205 pJ. Additional increments, up
to 540 uJ, are obtained by performing double-pass through the nonlinear crystal. This
laser has been developed for high-resolution photon-hungry spectroscopy in the mid-
IR.

Pesrome

JlokiiagBaMe JiazepHa cucTema, 0azupaHa Ha TEHepalus C M3BaXJaHe Ha YEeCTOTH
(DFQG), 3a na momy4yaBaHe Ha MpeHACTPOIIBaeMO C TSCHA IIMPHHA HA CHEKTpajiHaTa
muHus (<30 pm) U CpPaBHUTEIHO BUCOKOCHEPTHMHHO WH(GpAUYEepBEHO IhUCHUE B
obrnactra 6,8 pm. Cuctemara u3IoJi3Ba HelTMHeeH Kpuctai ot utueB Trouaat (LilnSy)
Y HAaHOCEKYHJIHU UMMyJicu, renepupanu ot enqnodyectoTH Nd:YAG u Cr:dopcreput
nazepu Ha 1064 m 1262 nm, cborBeTHO. M3mon3Bar ce JBE €KCHEPUMEHTAIHU
KOH(UTypaluu: B IbpBaTa, €AHONPOXOHA, MocTurHaTtara cpenna IR eneprus e 205 pJ.
JlombaHuTeNnHO yBenuuenue, A0 540 plJ, ce monyyaBa upe3 M3MOJ3BaHE HA JABOMHO
NpeMUHaBaHe Mpe3 HeJMHeWHus Kpucrtaid. To3u nazep e pa3paboTeH 3a (OTOHHA
CIIEKTPOCKOIINS C BUCOKA pa3AeNuTenHa crnocooHocT B cpeanus IR.

B. IIpuHocH B HayYyHHU MyO0JIMKAalUM U3BbH Xa0MJIMTALMOHHUATPY/:
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[TyOnukanmmyu w3BBH XaOWIMTAlMOHHUS TPYJ, CTaTUM W WHIHK JOKIAAd Ha
KoH(pepeHuH (KIacupuKanusaTa no kpaptuwin e cnopex SCimago):

B1. Astadjov D.N., Stoychev L.I., Sabotinov N.V., “CuBr Laser Pulse Shaping by
MOPA System”, Proceedings International Symposium “Laser Technologies and
Lasers” LTL 2005, pp 111-114

Abstract
Laser pulse shaping for quality micromachining is under worldwide research with
different types of lasers. Our preliminary experiments concerning CuBr laser temporal
pulse shaping by MOPA system demonstrated the feasibility and relevance of this
method.

Pesrome

IIpomsiHaTa Ha Jla3epHU UMIIYJICH 3a KaueCTBEHAa MHKPOMEXaHWYHAa 00paboTka e
IpeIMET Ha CBETOBHM H3CIEIBAaHMA C pa3IM4YHA BUAOBE Jasepu. Hamwure
MIpEIBAPUTEIIHN E€KCIIEPUMEHTH OTHOCHO NpOMsHAaTa Ha (opmaTa Ha BpEMEBUTE
umnysicu Ha CuBr nazep ueps MOPA cucrema mnokas3BBaT NPUIIOKHMOCTTa U
YMECTHOCTTA Ha TO3U METOI.

B2. Astadjov D.N., Stoychev L.I., Dixit S.K., Nakhe S.V., Sabotinov N.V., “High-
brightness CuBr MOPA laser with diffraction-limited throughout-pulse emission”
IEEE  Journal of Quantum Electronics 41 (8), 1097-1101, 2005,
DOI: 10.1109/JQE.2005.850701, Q1

Abstract

CuBr master oscillator-power amplifier (MOPA) laser system fitted with a generalized
diffraction filtered resonator (GDFR) is reported to produce high-quality beam of
throughout-pulse diffraction-limited laser emission at the repetition rate of 19 kHz. The
comparison with typical (stable and unstable) resonator configurations for CuBr lasers
has featured out its high brightness accompanied by a very low beam divergence
permanent within laser pulse. This intrinsic characteristic of GDFR-MOPA laser
radiation makes it a perfect light source for fine laser applications.

Pesrome

CrobmaBaMe 3a JlazepHa CHCTeMa OT THIA YIPABISABAIl OCIUIATOP-yCHUIIBATEN Ha
MomrHoct CuBr (MOPA), cnabaena c¢ 0000meH audpakiuoHHO (QuITpUpaIy
pe3zonarop (GDFR), npousBexaiia j1a3epHo U3TbYBAHE C BUCOKO KaueCTBO Ha CHOIIA,
TG PAKIIMOHHO-OTPAHNYEHO TPE3 TENHs UMITYJIC, TIPU YeCTOTa Ha MOBTOpeHue oT 19
kHz. CpaBHenueto ¢ THNHYHUTE (CTAOMJIHM U HECTaOWIHHM) PE30HATOPHU
koH(purypanuu 3a CuBr nazepu moka3Ba HEroBaTa BHCOKa SIPKOCT, MPUIAPYKEHA OT
MHOTO HUCKA Pa3XOJUMOCT Ha CHOTA, OCTOSTHHA B JIa3epHUsl UMITYJIC. Ta3u mpuchina
xapakrepuctuka Ha GDFR-MOPA na3epHoTO M3mbYBaHEe TO MpaBu mepPeKTeH
W3TOYHHK Ha CBETJIMHA 32 (PMHM JTa3epHU TPUIIOKCHHUS.
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B3. Astadjov D.N., Stoychev L.I., Sabotinov N.V., “M2-factor for MOPA CuBr
laser system”, SPIE Proceedings Vol. 6604, 14th International School on Quantum
Electronics: Laser Physics and Applications; 66040Z (2007) DOI: 10.1117/12.726991.
bes IF, cvec SJIR

Abstract

M?2-factor of the master-oscillator power-amplifier (MOPA) CuBr laser emission
compliant with ISO 11146 is studied for first time. M? is an invariant that gives how
many times diffraction-limited is a laser beam compared to a perfect Gaussian TEMoo
beam. Statistical parameters of the near and far fields of MOPA laser radiation are
measured by a beam analyzing technique. Two patterns of the MOPA laser emission
are examined: annular that is typical for lasers without addition of hydrogen, and of
filled-center (top-hat and Gaussian-like) with addition of hydrogen. 2D intensity profile
changes of the near and far fields are recorded as functions of delay time of laser
excitation current pulses. The MOPA gain curve is found and the influence of gain on
the input signal (from MO into PA) due to the absorption/amplification in PA on the
field profiles is shown. The change of position and waveform of laser pulses is given
too. For annular radiation M? range is from 13-14 (small delays) to 5-6 (large delays)
and for filled-center radiation M? is 6-7 (small delays) and at the end of gain curve is as
much as 4.

Pesrome

3a mBpBU BT ce u3cneaBa M>-pakropsT Ha CuBr jnasepHo M3IbUBaHE Ha CHCTEMA
yhpaBliBalll ocIuIaTop - ycuisares Ha MomHocT (MOPA), ceBmectum ¢ ISO 11146.
M? e MHBapHaHT, KOMTO JaBa KOJIKO ITbTH IH(PPAKIHOHHO OTPAHUYEH € JIA3€PEH CHOII
B cpaBHeHHMe c nepdexTHus raycoB cHom TEMoo. Cratuctuyeckute mapameTpu Ha
6mu3K0TO 1 Janevyno nonera Ha MOPA na3epHOTO TpUEHHE CE U3MEPBAT Upe3 TEXHUKA
3a aHaIM3 Ha Jbpya. Pasriexaar ce JBa Mojesa Ha ja3epHoTo u3nbuBaHe HAa MOPA:
MPBCTEHOBUIHO, KOETO € TUIIMYHO 3a Jja3zepu 0Oe3 no0aBsiHE Ha BOAOPOI, U ChC
3ambJIHEH IIEHTHD (TonxaT u ['ayco-mogo0eH) ¢ nobaBsHe Ha Bogopoa. 2D nmpodun Ha
WHTEH3UTETa HAa MPOMEHUTE Ha OJM3KOTO W JAJ€YHOTO TOJie CE 3amucBaT KaTo
(GyHKIIMM Ha BPEMEBOTO 3aKbCHEHHE Ha TOKOBHUTE MMITYJICH Ha JIa3epHO BB30yKIaHe.
[IpencraBena e kpuBata Ha ycuiaBaHeto Ha MOPA u e mokazaHo BIMSHHUETO Ha
ycusiBaHeTo Ha BxoHus curnai (or MO B PA) nopaau abcopbuusita/ycunBanero B PA
BbpXY npodunute Ha nonero. JlaneHa e u nmpomsiHaTa Ha MO3UMATa U QopmaTa Ha
Ja3epHUTE UMITYJICH. 3a IPHCTEHOBUIHO H3IbuBane M? nuana3onst € ot 13-14 (Manku
3aKbCHEHUS) 0 5-6 (roIeMu 3aKbCHEHHS), 4 3a U3IBYBAHE ChC 3AIBIHEH LEHTHD M2 e
6-7 (Manku 3aKbCHEHMS ), a B Kpasi Ha KpUBaTa Ha yCUJIBaHE € 110 4.

B4. Ivanov O., Vaseashta A., L Stoychev L.I., “Rapid, contactless and non-
destructive testing of chemical composition of samples”, Functionalized Nanoscale
Materials, Devices and Systems, pp331-334, 2008, Part of the NATO Science for Peace
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and Security Series B: Physics and Biophysics book series (NAPSB), DOI:
10.1007/978-1-4020-8903-9 26. Q4

Abstract

Our results demonstrate that a new effect can be induced in each solid in a wide spectral
range of electromagnetic irradiation. In the present manuscript we prove experimentally
that one of the possible applications of this effect is for an express contactless control
of the chemical composition of a series of samples, in this case, coins. The method has
wide applicability ranging from defense and homeland security to several applications
requiring rapid and nondestructive identification of chemical composition.

Pesrome

Hamure pe3ynrartu noka3par, 4ye BbB BCSIKO TBBPJI0 BELIECTBO MOXKE J1a CE MPEIU3BUKA
HOB €(eKT B IIMPOK CHEKTpajeH aMUama30H Ha eJeKTPOMarHuTHO oOibuBaHe. B
HACTOSIIIIOTO CHOOIIEHUE JOKa3BaMe EKCIEPUMEHTAIHO, Y€ €JHO OT BB3MOXKHUTE
MIPUJIOKEHUSI Ha TO3U €(EeKT € 3a eKCIpeceH OC3KOHTAKTEH KOHTPOJ Ha XUMHYHHS
ChCTaB Ha CepHsi OT MpoOu, B CiIyyas MOHETU. MeToabT UMa MIMpPOKa MPUIIOKUMOCT,
Bapupaiia oT orOpaHa ¥ BbTPEIIHA CUTYPHOCT JI0 MPWJIOKEHUS, H3UCKBAIN Obp3a U
Hepa3pyIIUTEIHA HACHTUUKAIUS Ha XUMAYECKHUS ChCTaB.

B5. Vacchi A., Stoychev L.I., Dzagli M.M., Gadedjisso-Tossou K., Niemela J.,
“Characterization of a laser source suitable for a muonic-hydrogen experiment: a DFB-
QCL emitting at 6,8 um”, 3rd EOS Topical Meeting on Terahertz Science &
Technology TST 2012, ISBN 978-3-9815022-1-3

Abstract

Quantum Cascade Lasers (QCLs) are characterized as a potential source for the
measurement of the hyperfine splitting of the muonic-hydrogen atom. For the needs of
the experiment a pulsed laser source with tunable emission in the 6,8 pm spectral region
is required.

Pesrome

KBanToBo-kackanuute nazepu (QCL) ce xapakTepusupar KaTo HOTEHIIUAIEH U3TOYHHUK
3a U3MepBaHe Ha CBPbX(UHOTO pa3/iesiHe Ha MIOOH-BOJOPOJAHMS aTOM. 32 HYKAUTE Ha
eKCIIepUMEHTa € He00XO0AUM UMITYJICEH Ja3epeH U3TOUHUK C IPEeHaCTpOoiiBaeMa eMHUCHs
B CIIEKTPAJIHUS AUana3oH 6,8 pum.

B6. Adamczak A., Bakalov D., Stoychev L.I., Vacchi A., “Hyperfine spectroscopy
of muonic hydrogen and the PSI Lamb shift experiment”, Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
Volume 281, pp 72-76, 2012, DOI: 10.1016/;.nimb.2012.04.001. Q2

Abstract


https://link.springer.com/bookseries/7107
https://doi.org/10.1016/j.nimb.2012.04.001

The recent Lamb shift experiment at PSI and the discussions about the incompatibility
of the proton radii extracted using different methods have revived the interest in the
measurement of the hyperfine splitting of the ground state in muonic hydrogen. We
summarize the existing experimental ideas for this measurement and analyze
quantitatively the main methodological difficulties, expected to be related to the
required power of the IR laser source, the signal-to-noise ratio and other systematic
factors. An elaborate model is developed to estimate the statistical uncertainty of the
experimental value of the hyperfine splitting.

Pesrome

HeoTnaBHamHusaT excriepuMeHT 3a oTMecTBaHeTo Ha Jlam6 B PSI u nuckycuure 3a
HEChbBMECTUMOCTTA Ha MPOTOHHUTE PATUYCH, W3BJICYCHH C MOMOIITA HA PA3TUIHHU
METOAH, CHXHUBHUXA HMHTEpeca KbM H3MEPBAHETO HAa CBPBX(OHUHOTO pa3feisHe Ha
OCHOBHOTO CBCTOSSHUE€ B  MIOOH-Bojopona. (OO0oOmaBaMe  ChIIECTBYBAIUTE
EKCTIEpUMEHTAHY HJICH 33 TOBA U3MEPBAHE U aHATU3HPAME KOJIMUYECTBEHO OCHOBHUTE
METOAOJIOTHYHHN TPYAHOCTHU, KOUTO C€ OYakKBa Ja OBbAAT CBBpP3aHU C HeoOXoaumara
MomHOCT Ha IR na3sepHuss W3TOYHHK, CHOTHONIEHWETO CHUTHAJI/IIYM U JApPYTd
cuctematnuHu (paktopu. PazpaboTeH e ciokeH MOel 3a OlleHKa Ha CTaTUCTUYECKaTa
rpellika Ha €KCIIepUMEHTAIHATa CTOMHOCT Ha CBPBX(UHOTO pa3feiisiHe.

B7. Stoychev L.I., Danailov M.B., Nikolov [.P., Demidovich A.A., Bakalov D.,
Vacchi A., “Mid-IR Laser System for Muounic-Hydrogen Spectroscopy”, Advanced
Solid State Lasers, ATh2A. 4, DOI: 10.1364/ASSL.2015.ATh2A.4, 2015. be3 IF, cbc
SJIR

Abstract

A laser system based on difference frequency generation in non-oxide nonlinear crystals
(LiInS2) emitting narrow linewidth mid-IR radiation at ~ 6.8 um is presented. The
system is developed as prototype of the laser system needed for the purposes of the
muonic-hydrogen spectroscopy. The generated radiation has a narrow linewidth < 1.5
GHz, reaches an output energy more than 100 pJ, with 10 ns long pulses at 50 Hz
frequency repetition rate and is tunable in the spectral range 6695 — 6870 nm. These
results prove the suitability of such an approach for building a laser system with output
parameters matching the requirements of the muonic-hydrogen experiment.

Pesrome

[IpencraBena e na3epHa cuctema, 6asupana Ha TeHepalvs ¢ U3BAKAHE HA YECTOTH B
HeokcuaHu HenuHeHn kpuctanu (LilnS;), wu3npuBamm sgbueHHe B CpeaHUS
uH(paYepBeH AMana3oH ¢ TACHA IIMPHHA Ha JUHUATA mpH ~ 6,8 um. Cucremara e
pa3paboTeHa KaTo NpOTOTHUIl Ha JIa3epHaTa CUCTEMa, HE0OX0AMMa 32 LIEJIUTE HA MIOOH-
BOJIOPOJIHA CIIEKTPOCKOIHUA. [ eHeprpaHOTO IbUEeHUE UMa TSCHA IIMPUHA Ha JIMHUATA <
1,5 GHz, noctura uzxonna eneprust Hag 100 pJ, ¢ apmkuHa Ha ummysnca 10 ns, npu
yectoTa Ha noBropenue 50 Hz u e mpeHacTpoiiBaeMo B CIIEKTPaIHUs AUANa30oH 6695 —
6870 nm. Te3u pe3ynraTu T0Ka3BaT MPUTOAHOCTTA HA TIOI00CH MOIX0]T 33 U3TPaAXKIAHE
Ha Jla3epHa CHUCTEMa C HU3XOJHU IMapaMeTpH, OTroBapsIiy Ha H3UCKBAHUATA Ha
€KCIIEpUMEHTa C MIOOH-BOJOPO/.
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B8. Adamczak A., Baccolo G., Bakalov D., Baldazzi G., Bertoni R., Bonesini M.,
Bonvicini V., Campana R., Carbone R., Cervi T., Chignoli F., Clemenza M., ColaceL.,
Curioni A., Danailov M., Danev P., D'Antone 1., De Bari A., De Vecchi C., De Vincenzi
M., Furini M., Fuschino F., Gadedjisso-Tossou K.S., Guffanti D., laciofanoA., Ishida
K., Iugovaz D., Labanti C., Maggi V., Margotti A., Marisaldi M., Mazza R., Meneghini
S., Menegolli A., Mocchiutti E., Moretti M., Morgante G., Nardo R., Nastasi M.,
Niemela J., Previtali E., Ramponi R., Rachevski A., Rignanese L.P., Rossella M., Rossi
P.L., Somma F., Stoilov M., Stoychev L.I., Tomaselli A., Tortora L., Vacchi A.,
Vallazza E., Zampa G., Zuffa M., “Steps towards the hyperfine splitting measurement
of the muonic hydrogen ground tate: pulsed muon beam and detection system
characterization”, Journal of Instrumentation 11 (05), P05007, 2016, DOI:
10.1088/1748-0221/11/05/P05007. Q1

Abstract

The high precision measurement of the hyperfine splitting of the muonic-hydrogen
atom ground state with pulsed and intense muon beam requires careful technological
choices both in theconstruction of a gas target and of the detectors. In June 2014, the
pressurized gas target of the FAMU experiment was exposed to the low energy pulsed
muon beam at the RIKEN RAL muon facility. The objectives of the test were the
characterization of the target, the hodoscope and the X-ray detectors.

The apparatus consisted of a beam hodoscope and X-rays detectors made with high
purity Germanium and Lanthanum Bromide crystals. In this paper the experimental
setup is described and the results of the detector characterization are presented.

Pesrome

BucokoTouHOTO N3MepBaHe Ha CBPBbX(PUHOTO pa3lenBaHe Ha OCHOBHOTO ChCTOSIHUE Ha
MIOOH-BOJIOPOJIHHSI aTOM C HMIYJCEH W WHTEH3UBEH MIOOHEH CHOIl H3UCKBa
BHUMATENEH TEXHOJOTHYeH M300p KaKTO MPH KOHCTPYHMPAHETO HAa Tra3oBa MHUILEHA,
Taka ¥ Ha gertekropute. Ilpe3 ronm 2014 r. MumeHara ¢ ra3 noj HajlsIraHe Ha
excnepuMenTa FAMU Oerie u3noxeHa Ha HUCKOCHEPTHEH UMITYJICEH MIOOHEH JIbY B
MOOHHOTO chopbkeHne RIKEN RAL. Ilenutre Ha Tecta 0sxa XxapakTepu3upaHe Ha
MHILIEHATA, XOJI0CKOIAa U PEHTI€HOBUTE AETEKTOPH.

ArmnapaThT ce ChCTOELIE OT XOJOCKON 3a CHOMA M JETEKTOPU 3a PEHTIC€HOBH JIBYH,
HaNpaBEeHU C KPUCTAIM OT TePMaHMUN U JJAaHTAaHOB OPOMHM] C BUCOKA YMCTOTAa. B Taszm
CTaTHs € ONMCAaHA €KCIIEPUMEHTAIHATA YCTAAHOBKA U Ca MPEICTABEHU PE3YIATATUTE OT
OXapaKTEPHU3UPAHETO Ha IETEKTOPUTE.

B9. Mocchiutti E., Bonvicini V., Carbone R., Danailov M., Furlanetto E.,
Gadedjisso-Tossou K.S., Guffanti D., Pizzolotto C., Rachevski A., Stoychev L.,
Vallazza E., Zampa G., Niemela J., Ishida K., Adamczak A., Baccolo G., Benocci R.,
Bertoni R., Bonesini M., Chignoli F., Clemenza M., Curioni A., Maggi V., Mazza R.,
Moretti M., Nastasi M., Previtali E, Bakalov D., Danev P., Stoilov M., Baldazzi G.,
Campana G., D'Antone 1., Furini M., Fuschino F., Labanti C., Margotti A., Meneghini
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S., Morgante G., Pio Rignanese L., Luca Rossi P., Zuffa M., Cervi T., De Bari A.,
Menegolli A., De Vecchi C., Nardo R., Rossella M., Tomaselli A., Colace L., De
Vincenzi M., laciofano A., Somma F., Tortora L., Ramponi R., Vacchi A., “First FAMU
observation of muon transfer from pp atoms to higher-Z elements”, Journal of
Instrumentation 13 (02), P02019, 2018, DOI: 10.1088/1748-0221/13/02/P02019. Q1

Abstract

The FAMU experiment aims to accurately measure the hyperfine splitting of the ground
state of the muonic hydrogen atom. A measurement of the transfer rate of muons from
hydrogen to heavier gases is necessary for this purpose. In June 2014, within a
preliminary experiment, a pressurized gas-target was exposed to the pulsed low-energy
muon beam at the RIKEN RAL muon facility (Rutherford Appleton Laboratory, U.K.).
The main goal of the test was the characterization of both the noise induced by the
pulsed beam and the X-ray detectors. The apparatus, to some extent rudimental, has
served admirably to this task. Technical results have been published that prove the
validity of the choices made and pave the way for the next steps. This paper presents
the results of physical relevance of measurements of the muon transfer rate to carbon
dioxide, oxygen, and argon from non-thermalized excited pp atoms. The analysis
methodology and the approach to the systematics errors are useful for the subsequent
study of the transfer rate as function of the kinetic energy of the pp currently under way.

Pesrome

Excriepumentst FAMU uma 3a 1en aa u3Mepu TOYHO CBPBX(UHOTO pas3felisHe Ha
OCHOBHOTO CBHCTOSIHUE HAa MIOOH-BOJIOPOAHMSI aToM. 3a Ta3u Liell € HeoOXOauMOo
M3MEpPBaHE Ha CKOPOCTTA HA MPEHOC HAa MIOOHH OT BOJIOPOJI KbM MO-TEXKKH razose. [Ipe3
toHn 2014 r., B paMKuTEe Ha NPEABApUTENIEH EKCHEPUMEHT, ra30Ba MHUUIIEHA IO
HajsiraHe Oelle M3J0KeHa Ha UMITYJICEH HHCKOCHEPTHEH MIOOHEH b4 B MIOOHHOTO
cropbxenne RIKEN RAL (ma6opatopusi Rutherford Appleton, Benukobpuranus).
OcHoBHaTa 1171 Ha TecTa Oelle 0XapaKTepu3UpaHeTO KaKTO Ha IIyMa, MPEAU3BUKAH OT
HMITYJICHUS CHOII, TaKa U OT PEHTI€HOBUTE JETEKTOPU. ANlapaThT, 10 U3BECTHA CTEIEH
I'bPBUYEH, CE CIIPABU UYIECHO C Ta3M 3aj1a4a. [[y0aukyBaHu ca TEXHUUECKHU PE3yITaTH,
KOUTO JIOKa3BaT BaJUJHOCTTA HA HAaNpaBeHUTE H300pU U TPOMPABAT MBTA 3a
cienBaluUTe CThIKU. Ta3u craTtus npecTaBs pe3yaTaTuTe oT pundeckaTa 3 HAYUMOCT
Ha U3MEpPBAHUATA HAa CKOPOCTTA Ha TpaHC(ep Ha MIOOH KbM BBIJIEPOJEH AUOKCHU],
KHCJIOPOJI U aproH OT HETEepMaJu3UpaHU BH30YyJIEeHU |p aToMH. MeTojosiorusita Ha
aHaJau3a M MOAXOABT KbM CHUCTEMAaHMYHUTE TPEUIKU ca IOJIE3HU 32 IOCIEABALIO0
u3clie[IBaHe Ha CKOPOCTTa Ha MPEHOC KaTo GYHKIUS Ha KWHETUYHATA EHEPTUs Ha |p B
MOMEHTA.

B10. Mocchiutti E., Bonvicini V., Danailov M., Furlanetto E., Gadedjisso-Tossou
K.S., Guffaanti D., Pizzolotto C., Rachevski A., Stoychev L., Vallazza E., Zampa G.,
Niemela J., Ishida K., Adamczak A., Baccolo G., Benocci R., Bertoni R., Bonesini M.,
Chignoli F., Clemenza M., Curioni A., Maggi V., Mazza R., Moretti M., Nastasi M.,
Previtali E., Bakalov D., Danev P., Stoilov M., Baldazzi G., Campana R., D’ Antone 1.,
Furini M., Fuschino F., Labanti C., Margotti A., Meneghini S., Morgante G., Rignanese
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L.P., Rossi P.L., Zuffa M., Cervi T., De Bari A., Menegolli A., De Vecchi C., Nardo
R., Rossella M., Tomaselli A., Colace L., De Vincenzi M., laciofano A., SommaF.,
Tortoral., Ramponi R., Vacchi A., “FAMU: study of the energy dependent transfer rate
Ny — w0”, TOP Conf. Series: J. Phys.: Conf. Ser.1138 012017, 2018, DOI:
10.1088/1742-6596/1138/1/012017. Q4

Abstract

The main goal of the FAMU experiment is the measurement of the hyperfine

splitting (hfs) in the 1S state of muonic hydrogen AEns(x p)1S. The physical process
behind this experiment is the following: up are formed in a mixture of hydrogen and a
higher-Z gas. When absorbing a photon at resonance-energy AEns = 0.182 eV, in
subsequent collisions with the surrounding H> molecules, the up is quickly de-excited
and accelerated by ~ 2/3 of the excitation energy. The observable is the time distribution
of the K-lines X-rays emitted from the 4Z formed by muon transfer (up) + Z — (WZ2)*
+ p, a reaction whose rate depends on the up kinetic energy. The maximal response, to
the tuned laser wavelength, of the time distribution of X-ray from K-lines of the (uZ)*
cascade indicate the resonance. During the preparatory phase of the FAMU experiment,
several measurements have been performed both to validate the methodology and to
prepare the best configuration of target and detectors for the spectroscopic
measurement. We present here the crucial study of the energy dependence of the
transfer rate from muonic hydrogen to oxygen (Ap—.0), precisely measured for the first
time.

Pesrome

OcHoBHnara 11en1 Ha ekcriepuMenTa FAMU e nu3mepBaneTo Ha CBpbX(UHOTO pa3lienBaHe
(hfs) B IS cwcrosiaue Ha M0oH-BO0poa AEns(Up)1S. dusnueckusT nporiec 3aj1 TO3H
EKCIIEPUMEHT € CIICTHUSAT: [P ce 00pa3yBaT B CMEC OT BOJOPO/ U T'a3 ¢ mo-Bucok Z. [pu
norireiane Ha GoToH mpu pe3oHancHa eHeprus AEns = 0.182 eV, npu nocnensamnm
combehim ¢ okoauTe Ho Monekymm, pup 66p30 ce neBs30yxka u ce yekopsiBa ¢ ~ 2/3
OT eHeprusATa Ha Bb30yxaaHe. HabmonaBaHOTO € pasnpe/iefieHeT0 BbB BPEMETO Ha
pEeHTreHoBuTe 1bun Ha K-nuHuM, u3npyBanu oT PUZ, 00pa3yBaH OT MIOOHEH TpaHcdep
(up) + Z — (WZ)* + p, peakuusi, YUSATO CKOPOCT 3aBUCHU OT KMHETUYHATA EHEPIUs Ha
up. MakcumalHUAT OTTOBOP Ha HACTpOeHAaTa JBDKMHA HA BBJIHATA HA Jiazepa Ha
pasIpeiesieHueTo Mo BpeMe Ha peHTreHoBUTE by oT K-nuHuure Ha (WZ)* kackanarta
nokasBa pe3oHaHca. [lo Bpeme Ha moarorBuTenHara (aza Ha excnepumenta FAMU
0s1Xa M3BBPUICHU HIKOJIKO U3MEPBAHUS KAaKTO 3a BaJUAUpaHE HA METOOJIOTUATA, TaKa
¥ 3a MOJATrOTOBKA Ha Hai-goOpaTa KOH(HTyparus Ha MHIIEHATa U JETEKTOPHUTE 3a
CTIIEKTPOCKOIICKOTO HM3MepBaHe. TyK TpencTaBsiMe pellaBamo H3CIeIBaHe Ha
€HepruiiHaTa 3aBUCMMOCT Ha CKOPOCTTa HAa IIPEHOC OT MIOOH-BOZOPOJ KbM KHCIOPO
(App—p0O), mperu3Ho u3MepeHa 3a MbPBHU ITbT.

B11. Adamczak A., Baccolo G., Banfi S., Bakalov D., Baldazzi G., Benocci R.,
Bertoni R., Bonesini M., Bonvicini V., Chignoli F., Clemenza M., Colace L., Danailov
M., Danev P., De Bari A., De Vecchi C., De Vincenzi M., Furlanetto E., Fuschino F.,
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Gadedjisso-Tossou K.S., Guffanti D., laciofano A., Ishida K., Labanti C., Maggi V.,
Margotti A., Mazza R., Menegolli A., Mocchiutti E., Moretti M., Morgante G., Nastasi
M., Niemela J., Pizzolotto C., Previtali E., Pullia A., Ramponi R., Rachevski A.,
Rignanese L.P., Rossella M., Rossi N., Sarkar R., Stoilov M., Stoychev ., Tomaselli A.,
Tortora L., Vallazza E., Zampa G., Vacchi A., “The FAMU experiment at RIKEN-RAL
to study the muon transfer rate from hydrogen to other gases”, Journal of
Instrumentation 13 (12), P12033, 2018, DOI: 10.1088/1748-0221/13/12/P12033, Q1

Abstract

The aim of the FAMU (Fisica degli Atomi Muonici) experiment is to realize the first
measurement of the hyperfine splitting (hfs) in the 1S state of muonic hydrogen AEMg,
by using the RIKEN-RAL intense pulsed muon beam and a high-energy mid-infrared
tunable laser. This requires a detailed study of the muon transfer mechanism at different
temperatures and hence at different epithermal states of the muonic system. The
experimental setup involves a cryogenic pressurized gas target and a detection system
based on silicon photomultipliers-fiber beam hodoscopes and high purity Germanium
detectors and Cerium doped Lanthanium Bromide crystals, for X-rays detection at
energies around 100 keV.

Simulation, construction and detector performances of the FAMU apparatus at RAL are
reported in this paper.

Pesrome

[lenra na excnepumenta FAMU (Fisica degli Atomi Muonici) e na ce peanusupa
I'’BPBOTO U3MeEpBaHe Ha CcBpbX(puHOTO pasnensane (hfs) B 1S chcTosHME HA MIOOHHUS
Bomopox AE" g, upes u3non3BaHe Ha MHTEH3UBEH UMITyJICEH MIOOHOB cHoll B RIKEN-
RAL u BHCOKOEGHEPTHEH MPEeHACTPOWBAEM JIa3ep B CPeAHUsS MH(PpadepBEH AHUANa30H.
ToBa M3MCKBa MOAPOOHO H3CIIEIBAHE HA MEXaHM3Ma Ha NPEHOC HAa MIOOHU INpHU
pa3InyHU TEMIIEPATYPH U CIEJOBATEIHO MPU PA3JIUYHU €IUTEPMUYHU CHCTOSIHUS Ha
MIOOHHAaTa cHucTeMa. EKcnepuMeHTanHaTa yCTaHOBKAa BKJIOYBA KpPHUOT€HHaA ras3oBa
MUIIICHA TIOJ] HAJSITaHE W CHCTeMa 3a perucrpanus, Oa3upaHa Ha CHIUIUEBU
(OTOYMHOKUTENH - XOJAOCKOIH C BIAKHA ¥ T€PMaHUEBU JETEKTOPU C BUCOKA YHCTOTA
Y KPUCTaJIU OT JJAHTAaHUEB OPOMMU, JIETUPAHU C LIEpUH, 32 OTKPUBAHE HA PEHTTEHOBU
mpun nipu eneprun okono 100 keV.

Cumynanusi, KOHCTPYKIUS U XapaKTepUCTHKHU Ha aetekTopute Ha FAMU oGopyaBane
B RAL ca noxiaznBanu B TO3U JOKYMEHT.

B12. Pizzolotto C., Adamczak A., Bakalov D., Baldazzi G., Baruzzo M., Benocci R.,
Bertoni R., Bonesini M., Bonvicini V., Cabrera H., Cirrincione D., Citossi M., Chignoli
F., ClemenzaM., Colace L., Danailov M., Danev P., de Bari A., De Vecchi C., de
Vincenzi M., Fasci E., Furlanetto E., Fuschino F., Gadedjisso-Tossouk.S., Gianfrani L.,
Guffanti D., Hillier A.D., Ishida K., King P.J.C., Labanti C., Maggi V., Mazza R.,
Menegolli A., Mocchiutti E., Moretti L., Morgante G., Niemela J., Patrizi B., Pirri A.,
Pullia A., Ramponi R., Rignanese L.P., Roman H.E., Rossella M., Sarkar R., Sbrizzi
A., Stoilov M., Stoychev L., Sudrez-Vargas J.J., Toci G., Tortora L., Vallazza E.,
Vannini M., Xiao C., Zampa G., Vacchi A., “The FAMU experiment: muonic hydrogen
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high precision spectroscopy studies”, Eur. Phys. J. A 56,185, 2020, DOI:
10.1140/epja/s10050-020-00195-9. Q1

Abstract

The FAMU experiment aims to measure for the first time the hyperfine splitting of the
muonic hydrogen ground state. From this measurement the proton Zemach radius can
be derived and this will shed light on the determination of the proton charge radius. In
this paper, we describe the scientific goal, the method and the detailed preparatory work.
This includes the outcome of preliminary measurements, subsequent refined
simulations and the evaluation of the expected results. The experimental setup being
built for the measurement of the hyperfine splitting to be performed at the RAL
laboratory muon facility is also described.

Pesrome

ExcniepumentsT FAMU nMa 3a 1ien f1a u3Mepu 3a IbpBU BT CBPBX(PUHOTO pa3jieisiHe
Ha OCHOBHOTO CBCTOSIHME Ha MIOOH-BOJopona. OT TOoBa M3MepBaHE MOXE Ja Objae
M3BIICUYECH PAAMyChT Ha MPOTOHA HAa Zemach M TOBa 1€ XBBPJIM CBETIUHA BBPXY
OIIPEACIISTHETO Ha pajuyca Ha IIpoTOHA. B Ta3u cratus Hue onmucBaMe HaydHaTa Ledl,
MeToJla W ToJpoOHaTa MNOAroTBUTENHa pabora. ToBa BkIIOYBA pe3yiaTaTa OT
MIPEIBAPUTEIIHUTE WU3MEPBAHUs, IIOCIEABAIIUTE YCHBBPLICHCTBAHU CUMYJIALHUU U
OLICHKaTa Ha oO4YakBaHWUTE pe3yaTaTd. OmnMcaHa € CbhIIO EKCIepUMEHTAIHATA
MHCTaJaIMs, KOSITO Ce M3rpaxk/ia 3a MU3MEpBaHE Ha XUMEP(PHUHOTO pasnersHe, KOEeTOo
TpsiOBa Ja ce U3BBPIIMU B JAOOPATOPHOTO MIOOHHO ChOpBkeHue Ha RAL.

B13. Gadedjisso-Tossou K.S., Stoychev L.I., Mohou M.A., Cabrera H., Niemela J.,
Danailov M.B., Vacchi A., “Cavity Ring-Down Spectroscopy for Molecular Trace Gas
Detection Using A Pulsed DFB QCL Emitting at 6.8 um”, Photonics 7 (3), 74, 2020,
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Abstract

A trace gas sensor based on pulsed cavity ring-down spectroscopy (CRDS) was
developed for measurement of the v4 fundamental vibrational band of ammonia (NH3)
centered at 1468.898 cm!. A pulsed distributed feedback quantum cascade laser (DFB-
QCL) operating at 6.8 pm (1470.58 cm™") quite well covered the absorption band of the
ammonia and strong fundamental vibrational absorption bands of di_erent molecular
gases in this unexplored region. The cavity was partially evacuated down to 0.4 Atm by
a turbo-molecular pump to reduce the partial interference between the NH3 spectra and
water near the absorption peak of ammonia. A sensitivity of nine parts per billion was
reached for a measurement time of 120 s as well as an optical path length of 226 m. The
device demonstrated high spectral performance and versatility due to its wide tuning
range, narrow linewidth, and comparatively high-energy mid-IR radiation in the
relatively unexplored 6.8 pum region, which is very important for high-resolution
spectroscopy of a variety of gases.
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Cen3zop 3a cieau oT ra3, 0asupaH Ha CHEKTPOCKONMHS C MMITYJICHA cavity ring-down
spectroscopy (CRDS) e pa3zpaboteH 3a nu3MepBaHe Ha OCHOBHATa BUOpAIlMOHHA UBUIIA
v4 Ha amonsika (NH3) ¢ nentsp 1468,898 cm'!. KBaHTOBO KackajeH nasep OT THIa
distributed feedback (DFB-QCL), pa6orens npu 6,8 um (1470,58 cm!), moxpusa nocra
nobpe abcopOnMOHHATA WMBHIIA HA aMOHSKAa W CHJIHUTE OCHOBHH BHOpPAIlMOHHU
a0COpOIIMOHHY MBU3H HA PA3IMYHU MOJIEKYJTHH Ta30BE€ B TO3W HEHM3CIICIBAH PETHOH.
Kyxunara Oeme yactuuno eBakyupana a0 0,4 Atm ot TypOo-MoONeKyJIspHa omra, 3a
Jla ce Hamalli yacTH4Hata uatepdpepennns mexay NH3 ciektpure u Bogata 61130 10
nuKa Ha abcopOI1us Ha aMOHsIKa. UyBCTBUTENHOCT OT JEBET YacTH Ha MuUiuap. Oere
JOCTUTHATA 33 BpeMe Ha n3MmepBane oT 120 s, KaKTO U IBJDKAHA HA ONITUYHUS BT OT
226 m. YCTpOHCTBOTO JEMOHCTPHpPAa BHCOKA CIIEKTpallHa MPOU3BOJUTEIHOCT U
I'bBKABOCT MOPaJAM IMPOKUSI CU JMaNa30H Ha HaCTPOWKa, TACHA MIMPUHA HA JINHUATA U
CPaBHHUTEITHO  BHCOKOCHEPIMMHO  JbueHHE HWHPpauepBeHO B  OTHOCHTEIHO
HeuscienaBaHaTa o0aact oT 6,8 um, KOeTo € MHOTO Ba)KHO 32 CIIEKTPOCKOMUS C BUCOKA
pa3aenuTenHa CliocOOHOCT Ha Pa3IMyHH ra3oBe.
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Abstract

We report the first measurement of the temperature dependence of muon transfer rate
from muonic hydrogen atoms to oxygen between 100 and 300K. Data were obtained
from the X-ray spectra of delayed events in a gaseous target, made of a Ho/O> mixture,
exposed to a muon beam. This work sets constraints on theoretical models of muon
transfer and is of fundamental importance for the measurement of the hyperfine splitting
of muonic hydrogen ground state as proposed by the FAMU collaboration.

Pes3rome

JloknazBaMe bPBOTO M3MEpBaHE Ha TEMIIEpaTypHAaTa 3aBUCMMOCT Ha CKOPOCTTa Ha
MPEHOC Ha MIOOH OT MIOOH-BOJOPOJHH aroMH KbM Kuciopon mexay 100 m 300 K.
JlanHuTe ca MOJy4YeHH OT PEHTICHOBUTE CIEKTPU Ha 3a0aBEHM CHOUTHS B ra3oBa
MHUIIIeHa, HampaBeHa oT cMec H2/02, nznoskeHa Ha MIOOHEH CHOII. Ta3u paboTa nmocraps
OTPAaHUYCHUSI BBPXY TEOPETUUYHUTE MOJEIM HAa TPEHOC HAa MIOOHM U € OT
dbyHIaMEHTATHO 3HAYCHUE 32 U3MEPBAHETO Ha CBPBX(HUHOTO pa3eiisTHE HA OCHOBHOTO
CBbCTOSIHUE HA MIOOH-BOJIOPOJ, IPEIIOKEHO OT KonekTnBa Ha FAMU.
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Abstract

The first measurement of the temperature dependence of the muon transfer rate from
muonic hydrogen to oxygen was performed by the FAMU collaboration in 2016. The
results provide evidence that the transfer rate rises with the temperature in the range
104-300 K. This paper presents the results of the experiment done in 2018 to extend the
measurements towards lower (70 K) and higher (336 K) temperatures. The 2018 results
confirm the temperature dependence of Apo observed in 2016 and sets firm ground for
comparison with the theoretical predictions.

Pesrome

[IspBOTO M3MeEpBaHEe Ha TeMIlepaTypHaTa 3aBHCHMOCT Ha CKOPOCTTa Ha IPEHOC Ha
MIOOH OT MIOOH-BOJIOPOJI KbM KUCJIOPOJ € u3BbpuIeHo oT KosiektuBa FAMU mpe3 2016
r. Pesynrarure maBaT Jokas3aTencTBa, Y€ CKOPOCTTa Ha TpaHcdep ce MOBHIIABA C
temneparypata B auamna3zoHa 104-300 K. Ta3u cratusi mpeacrtaBsi pe3yiaTaTUTE OT
eKcriepuMeHTa, u3BbpileH npe3 2018 r., 3a pa3mmupsiBaHe Ha WU3MEPBAHUITA KbM I10-
Hucku (70 K) u mo-Bucoku (336 K) temmneparypu. Pesynaratute ot 2018 r.
NOTBbPXKAABaT TeMIIEpaTypHaTa 3aBUCUMOCT Ha Apo, HaOmonaBana npe3 2016 r. u
MOCTaBST TBbPJIa OCHOBA 33 CPABHEHHUE C TEOPETUYHUTE MPOTHO3H.
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