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∑’Ë∑—Èß‡ √‘¡·≈–À—°≈â“ß°—π ∑”„Àâ«— ¥ÿ‡°‘¥æƒµ‘°√√¡·∂∫™àÕß«à“ß∑“ß·¡à‡À≈Á°‰øøÑ“ ‚¥¬ªØ‘ —¡æ—π∏å∑—Èß Õß “¡“√∂

„™â‡æ◊ËÕ°”Àπ¥§à“ ¿“æ¬Õ¡·≈–§à“§«“¡´“∫´÷¡ª√– ‘∑∏‘º≈¢Õß«— ¥ÿ„ÀâÕ¬Ÿà„π™à«ß∑’Ë‚¥¬ª°µ‘‰¡à “¡“√∂∑”‰¥âßà“¬

À√◊ÕÕ“®‡ªìπ§à“∑’Ë‰¡à¡’Õ¬Ÿà„π«— ¥ÿ∏√√¡™“µ‘‰¥â «— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå “¡“√∂π”‰ªª√–¬ÿ°µå„™â‰¥âÕ¬à“ß

À≈“°À≈“¬ π—∫µ—Èß·µà‡√‚´‡π‡µÕ√å®π∂÷ß “¬Õ“°“»∑’Ë “¡“√∂§«∫§ÿ¡∑‘»∑“ß‰¥âÕ¬à“ß¬Õ¥‡¬’Ë¬¡ ‡™àπ °“√æ‘¡æåπ“‚π

¥â«¬· ß «ß®√‰øøÑ“π“‚π µ—«‡§≈◊Õ∫‡Àπ◊Õ∏√√¡™“µ‘ √«¡∂÷ß «— ¥ÿ≈àÕßÀπ

∫∑§«“¡π’Èπ”‡ πÕ∫∑π”‡°’Ë¬«°—∫«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘ ‚¥¬Õ∏‘∫“¬∂÷ßÀ≈—°°“√ ÷́Ëß§√Õ∫§≈ÿ¡ ª√–«—µ‘

«‘∏’°“√ —ß‡§√“–Àå·≈–°“√ÕÕ°·∫∫ ª√–‡¿∑ ·≈–§ÿ≥ ¡∫—µ‘æ‘‡»…¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå∑“ß¥â“πøî ‘° å

·≈–·¡à‡À≈Á°‰øøÑ“ ·≈–¡’°“√æ‘®“√≥“∂÷ß°“√ª√–¬ÿ°µå„™â·≈–°≈à“«∂÷ß«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘„π∑»«√√…π’ÈÕ’°¥â«¬

Abstract

Meta-materials or artificial electromagnetic materials are composed of periodic arrays of resonant

structures that can be realized as a bulk medium when the structure period and the largest dimensions of the

inclusions are much smaller than the wavelength.  When the period is an appreciable amount of the wavelength,

constructive and destructive interferences occur leading to electromagnetic bandgap behavior.  In both cases,

the effective permittivity and permeability can be tuned to values not easily achievable in natural materials.

Meta-materials hold significant promise for the future, ranging from applications in sub-wavelength resonators

to super-directive antennas such as in optical nanolithography, nano circuits and meta-coating, including also

the famous cloaking phenomenon which can make objects invisible.

1Õ“®“√¬å ¿“§«‘™“«‘»«°√√¡‰øøÑ“ §≥–«‘»«°√√¡»“ µ√å ¡À“«‘∑¬“≈—¬¢Õπ·°àπ
2π—°»÷°…“ª√‘≠≠“‚∑ ¿“§«‘™“«‘»«°√√¡‰øøÑ“ §≥–«‘»«°√√¡»“ µ√å ¡À“«‘∑¬“≈—¬¢Õπ·°àπ
*corresponding author, e-mail : nantakan@kku.ac.th

03 4/2/09, 9:42 AM133

Black



134«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘«“√ “√«‘®—¬ ¡¢. 14 (2) : °ÿ¡¿“æ—π∏å 2552

This paper provides an introduction to meta-materials describing the principle: history, basic synthesis

and modeling techniques, types and their special physical and electromagnetic properties. Applications of these

çbeyondé materials and the potential of meta-materials in this century are also discussed.

§” ”§—≠: «— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘, «— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå, ¥—™π’°“√À—°‡À¢Õß· ßµ‘¥≈∫, «—µ∂ÿ≈àÕßÀπ

Keywords: Meta-materials, Artificial electromagnetics, Negative refractive index, Invisible objects,

∫∑π”

«— ¥ÿ°√–∑”·≈–¡’ªØ‘°‘√‘¬“°—∫· ß·≈–

 π“¡·¡à‡À≈Á°‰øøÑ“ ´÷Ëß°“√§«∫§ÿ¡· ß “¡“√∂

∑”‰¥âÀ≈“¬«‘∏’ ‚¥¬‡©æ“–®“°µ—«·ª√∑’Ë ”§—≠π—Ëπ

°Á§◊Õ«— ¥ÿ∑’Ë‡À¡“– ¡ °“√ àß·≈–√—∫¢âÕ¡Ÿ≈‚¥¬· ß

‡°‘¥®“°‚§√ß √â“ß¿“¬„π¢Õß«— ¥ÿ ¢—ÈπµÕπ¥—ß°≈à“«

‡ªìπ°“√∫√√®ÿ¢âÕ¡Ÿ≈∑’Ë¡’¡«≈‡ªìπ»Ÿπ¬å„π —≠≠“≥

∑’Ë¡’§«“¡‡√Á«∑’Ë‰¡à Õ¥§≈âÕß°—π ‚¥¬ª°µ‘· ß®–¡’

æƒµ‘°√√¡ ç¥â“π¡◊Õ‡¥’¬«é À√◊Õ One-Handed π—Ëπ§◊Õ

‡¡◊ËÕ· ß¡’°“√°√–∑”°—∫Õ–µÕ¡¢Õß«— ¥ÿµ“¡∏√√¡™“µ‘

∑—Ë«‰ª ®–¡’‡æ’¬ß π“¡‰øøÑ“ (Electric Field) ∑’Ë¡’º≈

°—∫Õ–µÕ¡¢Õß«— ¥ÿπ—Èπ „π¢≥–∑’Ë π“¡·¡à‡À≈Á°

(Magnetic Field) ®–¡’º≈πâÕ¬¡“°®π‡°◊Õ∫®–‰¡à¡’‡≈¬

‡π◊ËÕß®“°‚¥¬ª°µ‘ π“¡·¡à‡À≈Á°®–¡’§à“ÕàÕπ

«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘ À√◊Õ Meta-materials

‡ªìπ«— ¥ÿ —ß‡§√“–Àå∑’Ë∂Ÿ°ÕÕ°·∫∫Õ¬à“ß‡À¡“– ¡‡æ◊ËÕ

„Àâ π“¡‰øøÑ“·≈– π“¡·¡à‡À≈Á°°√–∑”√à«¡°—∫

Õ–µÕ¡‡Àπ◊Õ∏√√¡™“µ‘ (Meta-Atoms) ‰¥â„π

∫∑§«“¡π’È®–«‘®“√≥å«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘‚¥¬‡πâπ

§ÿ≥ ¡∫—µ‘¥â“π·¡à‡À≈Á°‰øøÑ“ ®÷ß®–°≈à“«∂÷ß«— ¥ÿ

ª√–‡¿∑π’È„πÕ’°™◊ËÕÀπ÷Ëß¥â«¬§◊Õ «— ¥ÿ·¡à‡À≈Á°‰øøÑ“

 —ß‡§√“–Àå À√◊Õ Artificial Electromagnetic

Metamaterials ‚§√ß √â“ß∑’Ëª√–°Õ∫‡ªìπ«— ¥ÿ

ª√–‡¿∑π’È®–∂Ÿ°®—¥‡√’¬ß‡ªìπ≈—°…≥–‚§√ß √â“ß§“∫ À√◊Õ

Periodic Inclusions ·≈–¢π“¥¢Õß‚§√ß √â“ß®–¡’¢π“¥

‡≈Á°°«à“§«“¡¬“«§≈◊Ëπ∑’Ë„™â„π™à«ß∑”ß“π (Operating

Wavelength) ‡æ◊ËÕ∑’Ë«— ¥ÿ®– “¡“√∂· ¥ß§ÿ≥ ¡∫—µ‘

§«“¡‡ªìπ‡π◊ÈÕ‡¥’¬«°—π (Homogenous Property)

 à«π‚§√ß √â“ß§“∫ ®–ª√–æƒµ‘µ—«‡ªìπ‚¡‡≈°ÿ≈

 —ß‡§√“–Àå (Artificial Molecule) ∑’Ë®–¡’ªØ‘°‘√‘¬“°√–∑”

√à«¡°—∫§≈◊Ëπ·¡à‡À≈Á°‰øøÑ“ ¥—ß· ¥ß„π√Ÿª∑’Ë 1 «— ¥ÿ

·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå∑’Ë‰¥â∂Ÿ°ÕÕ°·∫∫‚§√ß √â“ß

Õ¬à“ß‡À¡“– ¡ ®– “¡“√∂∑”„Àâµ—«ª√–°Õ∫¢Õß∑—Èß

 π“¡‰øøÑ“·≈– π“¡·¡à‡À≈Á°‡™◊ËÕ¡√«¡°—∫‡¡∑–

Õ–µÕ¡ (Meta-Atoms) ®“°ª°µ‘∑’Ë«— ¥ÿ„π∏√√¡™“µ‘

®–¡’‡©æ“–µ—«ª√–°Õ∫¢Õß π“¡‰øøÑ“∑’Ë “¡“√∂

ªØ‘ —¡æ—π∏å°—∫Õ–µÕ¡¢Õß«— ¥ÿ‰¥âÕ¬à“ß¡’ª√– ‘∑∏‘¿“æ

∑”„Àâ‡°‘¥§ÿ≥ ¡∫—µ‘„À¡à∑“ß¥â“π· ß ‡™àπ · ß Õß

¥â“π¡◊Õ(çTwo-Handedé Light) ·≈– ¥—™π’À—°‡À¢Õß

· ß∑’Ë¡’§à“µ‘¥≈∫ (Negative Refractive Index) ‡ªìπµâπ

√Ÿª∑’Ë 1. ‚§√ß √â“ß¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå∑’Ë°√–∑”·≈–¡’ªØ‘°‘√‘¬“°—∫§≈◊Ëπ·¡à‡À≈Á°‰øøÑ“
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§”«à“ çMetaé „π¿“…“°√’°À¡“¬§«“¡«à“

ç‡Àπ◊Õé ®÷ßÕ“®°≈à“«‰¥â«à “ Meta-mater ia ls

§◊Õ«— ¥ÿ∑’Ë¡’§ÿ≥ ¡∫—µ‘‡Àπ◊Õ«— ¥ÿæ◊Èπ∞“π∑—Ë«‰ª À√◊Õ‡ªìπ

ç«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘é «— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘∂Ÿ° √â“ß

‚¥¬¡πÿ…¬å ‡æ◊ËÕ°”Àπ¥·≈–§«∫§ÿ¡§ÿ≥ ¡∫—µ‘∑’Ë

‰¡à¡’„π«— ¥ÿµ“¡∏√√¡™“µ‘ ∑”„Àâ‡°‘¥ª√“°Ø°“√≥å„À¡à

π”æ“‰ª Ÿà°“√ª√–¬ÿ°µå„™â∑“ß· ß∑’Ë ”§—≠∑’Ë∂Ÿ°

§“¥°“√≥å«à“®–‡ªìπª√–µŸ Ÿà«‘∑¬“°“√«— ¥ÿ»“ µ√å

„πÕπ“§µ Àπ÷Ëß„π§ÿ≥ ¡∫—µ‘¡À—»®√√¬å¢Õß«— ¥ÿ

‡Àπ◊Õ∏√√¡™“µ‘§◊Õ §à“¥—™π’°“√À—°‡À¢Õß· ß∑’Ëµ‘¥≈∫

Õ“®®–°≈à“«‰¥â«à“°“√»÷°…“ Meta-materials

‡√‘Ë¡¡’µ—Èß·µàªï §.». 1904 ‚¥¬ Sir Arthur Schuster ·≈–

H. Lamb ´÷Ëß‰¥â»÷°…“§«“¡‡√Á«‡ø ∑’Ëµ‘¥≈∫ (Negative

Phase Velocity) (Schuster, Lamb, 1904) À≈—ß®“°

π—Èπ„πªï §.». 1968 V. G. Veselago (Veselago, 1968)

π—°«‘∑¬“»“ µ√å™“«√— ‡´’¬ ‰¥â»÷°…“§ÿ≥ ¡∫—µ‘· ß

¢Õß«— ¥ÿ∑’Ë¡’¥—™π’°“√À—°‡À¢Õß· ß‡ªìπ≈∫ (Negative

Refractive Index, (-)n) ·≈–‡π◊ËÕß®“°«— ¥ÿπ—ÈπÊ ¡’§à“

 ¿“æ¬Õ¡ À√◊Õ Permittivity (ε) ·≈– §à“§«“¡´“∫

´÷¡‰¥â À√◊Õ Permeability (µ) µ‘¥≈∫ (Veselago, 1968)

´÷Ëß‰¡à “¡“√∂‡°‘¥¢÷Èπ‰¥â„π«— ¥ÿµ“¡∏√√¡™“µ‘„¥Ê

«— ¥ÿ¥—ß°≈à“«®÷ß∂Ÿ°®—¥‡ªìπ«— ¥ÿ —ß‡§√“–Àå∑“ß¥â“π

·¡à‡À≈Á°‰øøÑ“ Veselago ‰¥â· ¥ßª√“°Ø°“√≥å

∑“ß· ßµà“ßÊ ∑’Ë “¡“√∂‡°‘¥¢÷Èπ‰¥â„π«— ¥ÿ¥—ß°≈à“«

·µàπ—Èπ°Á‡ªìπ‡æ’¬ß°“√§”π«≥·≈–· ¥ßº≈∑“ß∑ƒ…Æ’

‡∑à“π—Èπ ®π°√–∑—Ëß„πªï §.». 1996 »“ µ√“®“√¬å

Sir John Pendry ·≈–§≥– ®“°«‘∑¬“≈—¬ Imperial

ª√–‡∑»Õ—ß°ƒ… ‰¥â‡ πÕ‚§√ß √â“ß¢Õß«— ¥ÿ∑’Ë¡’§à“

 ¿“æ¬Õ¡ ·≈–§«“¡´“∫ ÷́¡‰¥âµ‘¥≈∫ (‚§√ß √â“ß

Spilt Ring Resonator (SRR)  ”À√—∫«— ¥ÿ∑’Ë¡’ (-)µ
·≈– ‚§√ß √â“ß Array of Wires  ”À√—∫«— ¥ÿ∑’Ë¡’

(-)ε) (Pendry et al.,1996) Õ¬à“ß‰√°Áµ“¡°“√»÷°…“ ·≈–

æ—≤π“«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå (Electromagnetic

Meta-materials) ‡√‘Ë¡¡’¢÷ÈπÕ¬à“ß®√‘ß®—ß ‡¡◊ËÕ«— ¥ÿ·¡à

‡À≈Á°‰øøÑ“ —ß‡§√“–Àå  ª√–‡¿∑¥—™π’°“√À—°‡À¢Õß

· ß‡ªìπ≈∫ ‰¥â∂Ÿ° √â“ß¢÷Èπ®√‘ß‚¥¬°≈ÿà¡¢Õß

»“ µ√“®“√¬å D. R. Smith ®“°¡À“«‘∑¬“≈—¬

·§≈‘øÕ√å‡π’¬·Ààß´“π¥‘‡Õ‚° (UCSD) „πªï §.». 2000

√Ÿª∑’Ë 2 · ¥ßµ—«Õ¬à“ß‚§√ß √â“ß Meta-materials

„π¬ÿ§‡√‘Ë¡µâπ ª√–°Õ∫¥â«¬‚§√ß √â“ß Wire ·≈– Spilt

Ring Resonators (Smith et al., 2000) ∑’Ë¡’§à“¥—™π’

°“√À—°‡À‡ªìπ≈∫ ·≈– ‚§√ß √â“ß∑’Ë„™â‡æ◊ËÕÕÕ°·∫∫

«— ¥ÿ≈àÕßÀπ (Schurig et al., 2006) «— ¥ÿ∑’Ë¡’§à“¥—™π’

°“√À—°‡Àµ‘¥≈∫  “¡“√∂π”‰ªª√–¬ÿ°µå„™â √â“ß

´ÿª‡ªÕ√å‡≈π å ∑’Ë “¡“√∂‡ÀÁπ·≈–®—∫¿“æ«—µ∂ÿÀ√◊Õ

‚§√ß √â“ß∑’Ë¡’¢π“¥‡≈Á°°«à“§«“¡¬“«§≈◊Ëπ¢Õß· ß

∑’Ë°√–∑”°—∫«—µ∂ÿÀ√◊Õ‚§√ß √â“ß¥—ß°≈à“« ´÷Ëß “¡“√∂

π”‰ª„™â„π°—∫ “¬Õ“°“»§ÿ≥ ¡∫—µ‘ Ÿßµà“ßÊ √«¡∂÷ß

Õÿª°√≥å Optical Nanolithography, Nano Circuits, ·≈–

Meta-coating ∑’Ë„™â √â“ß«— ¥ÿ≈àÕßÀπ √Ÿª∑’Ë 3 · ¥ß

°“√‡§≈◊ËÕπ∑’Ë¢Õß· ß‡¡◊ËÕºà“π«— ¥ÿ∑’Ë¡’§à“¥—™π’À—°‡À∑’Ë¡’

§à“µ‘¥≈∫ (Wongkasem et al., 2006) ·≈–‡¡◊ËÕ‡§≈◊ËÕπ∑’Ë

ºà“π«— ¥ÿ≈àÕßÀπ (Chen et al., 2007) À√◊Õ çInvisible

Objectsé ®“°§ÿ≥ ¡∫—µ‘æ‘‡»…∑’Ë‰¡à¡’„π«— ¥ÿ„¥Ê

„π∏√√¡™“µ‘·≈–§«“¡‡ªìπ‰ª‰¥â∑’Ë “¡“√∂π” Meta-

materials ‰ªª√–¬ÿ°µå„™â„πß“π¥â“πµà“ßÊ ‰¥âÀ≈“°À≈“¬

„πªï §.». 2003 «— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

∂Ÿ°®—¥‡ªìπ ‘Ëßª√–¥‘…∞å∑’Ë§âπæ∫·Ààßªï®“°π‘µ¬ “√ Science

(°) (¢)

√Ÿª∑’Ë 2. µ—«Õ¬à“ß (°)‚§√ß √â“ß Metamaterials „π¬ÿ§‡√‘Ë¡µâπ„πªï §.».2001 · ¥ß‚§√ß √â“ß Wire ·≈– Spilt Ring
Resonators (∑’Ë¡“: Smith et al., 2000) ·≈– (¢) „πªï §.». 2007 ‚§√ß √â“ß∑’Ë„™â‡æ◊ËÕÕÕ°·∫∫«— ¥ÿ≈àÕßÀπ
(∑’Ë¡“: Schurig et al., 2006)

03 4/2/09, 9:42 AM135

Black



136«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘«“√ “√«‘®—¬ ¡¢. 14 (2) : °ÿ¡¿“æ—π∏å 2552

    (°)       (¢)

√Ÿª∑’Ë 3. ¿“æ· ¥ß°“√‡§≈◊ËÕπ∑’Ë¢Õß· ß‡¡◊ËÕºà“π (°) «— ¥ÿ∑’Ë¡’§à“¥—™π’À—°‡À∑’Ë¡’§à“µ‘¥≈∫

(∑’Ë¡“: Wongkasem et al., 2006) ·≈– (¢) «— ¥ÿ≈àÕßÀπ (∑’Ë¡“: Chen et al., 2007)

À≈—°°“√·≈–ª√–‡¿∑¢Õß«— ¥ÿ ‡Àπ◊Õ

∏√√¡™“µ‘

«— ¥ÿ·¡à‡À≈Á°‰øøÑ“‡™‘ß´âÕπ (Complex Electromagnetic

Materials)

«— ¥ÿª√–‡¿∑ Bi-anisotropic ‡ªìπ«— ¥ÿÀ≈—°

∑“ß·¡à‡À≈Á°‰øøÑ“ ª√–°Õ∫¥â«¬ Tensor 4 µ—« §◊Õ

, ,  ·≈–    ‚¥¬ Tensor 4 µ—« ∂Ÿ°„™â

Õ∏‘∫“¬§ÿ≥ ¡∫—µ‘∑“ß‰øøÑ“·≈–·¡à‡À≈Á°‰øøÑ“‰¥â®“°

 ¡°“√∑’Ë (1)

. (1)

·≈–   §◊Õ ‡ø§‡µÕ√å (Factor) ¢Õß Permittivity ·≈–

Permeability µ“¡≈”¥—∫ ‚¥¬∑—Èß Õß Factor Õ“®∂Ÿ°‡√’¬°

√«¡°—π«à“ Co-polarization Tensors „π¢≥–∑’Ë Cross-

polarization Tensors,  ·≈–    ‡ªìπ Factor ∑’Ë∫àß™’È

Magnetoelectric Coupling ÷́Ëß Tensor ∑—Èß 4 µ—«®–¡’§à“

Õ¬Ÿà„π∑—Èß 3 ·°π‰¥â·°à ·°π x, ·°π y ·≈– ·°π z ¥—ßπ—Èπ

Tensor 1 µ—«®–‡ªìπ‡¡µ√‘°´å (Matrix) ¢π“¥ 3x3  ¡°“√

∑’Ë (2) · ¥ßµ—«ª√–°Õ∫¢Õß Tensor ∑—Èß 4 µ—«

®“° ¡°“√∑’Ë 2 ®–‡ÀÁπ«à“«— ¥ÿ·¡à‡À≈Á°

‰øøÑ“®–¡’§à“µ—«ª√–°Õ∫∑“ß·¡à‡À≈Á°‰øøÑ“ (Magnetic

Components) ∑—ÈßÀ¡¥ 36 µ—« ∑’Ë “¡“√∂„™â‡ªìπµ—«

·∫à ßª√– ‡¿∑«— ¥ÿ ¬à Õ¬≈ß‰ª‰¥âÕ’ °µ“¡§à “¢Õß

, ,  ·≈–    ‚¥¬∂â“‰¡à¡’ Cross-polarization

Tensors ( ·≈– ) «— ¥ÿ®–Õ¬Ÿà„π°≈ÿà¡ Anisotropic

 à«π„π°√≥’¢Õß Bi-isotropic ª√‘¡“≥ Tensor

∑—Èß 4 ®–‡ª≈’Ë¬π‡ªìπ§à“ ‡°≈“√å (Scalar) ÷́Ëß‰¡à¡’

§«“¡‡°’Ë¬«¢âÕß°—∫∑‘»∑“ß ·≈– «— ¥ÿ Isotropic ®–¡’

‡©æ“–§à“ ‡°≈“√å¢Õß Permittivity ·≈– Permeability

‡∑à“π—Èπ µ“√“ß∑’Ë 1 · ¥ß§ÿ≥ ¡∫—µ‘¢Õß«— ¥ÿ·¡à‡À≈Á°

‰øøÑ“‡´‘ß´âÕπ ‚¥¬«— ¥ÿ∑—Èß 4 ª√–‡¿∑π’È ∂Ÿ°π”‰ª

ª√–¬ÿ°µå„™â„πÕÿª°√≥åµà“ßÊ °—π‰ª µ“¡‡ß◊ËÕπ‰¢

¢Õßº≈≈—æ∏å·≈–§«“¡µâÕß°“√ ¥—ßπ—Èπ∂â“®—¥ª√–‡¿∑

¢Õß‚§√ß √â“ß«— ¥ÿ∑’Ë∫àß™’Èµ—«ª√–°Õ∫∑“ß·¡à‡À≈Á°

¿“¬„π‰¥â ®–™à«¬„Àâ°“√ÕÕ°·∫∫«— ¥ÿ —ß‡§√“–Àå

·¡à‡À≈Á°‰øøÑ“≈¥§«“¡´—∫´âÕπ≈ß (Wongkasem

 et al., 2006)

µ“√“ß∑’Ë 1. §ÿ≥ ¡∫—µ‘¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“‡´‘ß´âÕπ

πÕ°®“°§à“ Co- ·≈– Cross-polarization
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Tensors ∑—Èß 4 ∑’Ë∂Ÿ°‡Õ“¡“„™â„π°“√®—¥ª√–‡¿∑«— ¥ÿ

·¡à‡À≈Á°‰øøÑ“‡´‘ß´âÕπ·≈â« °“√«‘‡§√“–ÀåÀ“§à“

§ÿ≥ ¡∫—µ‘∑“ß·¡à‡À≈Á°‰øøÑ“‰¥â·°à Chirality, Reciprocal

·≈– Symmetry ¢Õß‚§√ß √â“ß®–™à«¬„Àâ®—¥ª√–‡¿∑

¢Õß«— ¥ÿ‰¥â¬àÕ¬≈ß‰ªÕ’° ‚¥¬«— ¥ÿ∑’Ë‰¡à¡’§à“ Chirality

®–‡ªìπ«— ¥ÿª√–‡¿∑ Simple Isotropic À√◊Õ Tellegen

´÷Ëß¢÷ÈπÕ¬Ÿà°—∫«à“ «— ¥ÿπ—Èπ¡’§ÿ≥ ¡∫—µ‘ Reciprocal

À√◊Õ‰¡à „π¢≥–∑’Ë«— ¥ÿ∑’Ë¡’§à“ Chirality ®–‡ªìπ«— ¥ÿ

ª√–‡¿∑ Pasteur À√◊Õ General Bi-isotropic µ“√“ß∑’Ë 2

· ¥ß°“√®—¥ª√–‡¿∑¢Õß«— ¥ÿ Bi-isotropic ®“°°“√¡’§à“

Chiral ·≈– Reciprocal ¢Õß«— ¥ÿ

µ“√“ß∑’Ë 2. ª√–‡¿∑¢Õß«— ¥ÿ Bi-isotropic (∑’Ë¡“: Lindell et al., 1994)

      Õ¬à“ß‰√°Áµ“¡‰¡à«à“®–‡ªìπ°“√«‘‡§√“–Àå‚§√ß √â“ß

¢π“¥¡‘≈≈‘‡¡µ√‡æ◊ËÕ„™âß“π«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

„π™à«ß§«“¡∂’Ë‰¡‚§√‡«ø (ª√–¡“≥ 109 Hz) À√◊Õ

¢π“¥π“‚π‡¡µ√„πÕÿª°√≥å∑’Ë¡’™à«ß§«“¡∂’Ë∑’Ë Ÿß¢÷Èπ„π

™à«ß Terahertz (1012 Hz) °“√«‘‡§√“–Àå‚À¡¥¢Õß·¡à

‡À≈Á°‰øøÑ“ ·≈– µ—«ª√–°Õ∫¢Õß·¡à‡À≈Á° ´÷Ëß‡ªìπ

®”π«π‡™‘ß ấÕπ (Complex Number) ∑—ÈßÀ¡¥ 36 µ—«

¢Õß«— ¥ÿ·¡à‡À≈Á° —ß‡§√“–Àå®– —́∫´âÕπ·≈–¬ÿàß¬“°

∑”„Àâ„π°“√«‘‡§√“–Àå‚§√ß √â“ß¢Õß Meta-materials

 à«π„À≠à®–‡ªìπ°“√»÷°…“‡ªìπ™‘Èπß“π‡¥’¬« À√◊Õ

‚§√ß √â“ß‡¥’Ë¬« ‚¥¬°“√«‘‡§√“–Àå®“° π“¡‰øøÑ“·≈–

 π“¡·¡à‡À≈Á°‚¥¬µ√ß ‡™àπ ‚§√ß √â“ß Split Ring

Resonator, ‚§√ß √â“ß Omega ·≈– ‚§√ß √â“ß

Gammadion ‚¥¬ Marques  et al. (2003), Saadoum

et al. (1994) ·≈– Papakostas et al. (2003) µ“¡≈”¥—∫

°“√π”‡Õ“∑ƒ…Ø’°≈ÿà¡ ·≈–∑ƒ…Ø’µ”·Àπàß°≈ÿà¡

´÷Ëß„™â„π«‘∑¬“»“ µ√å‡§¡’‡æ◊ËÕ°“√«‘‡§√“–Àå‚§√ß √â“ß

¢ÕßÕ–µÕ¡ ·≈–æ—π∏–„π‚¡‡≈°ÿ≈ Õ“® “¡“√∂

π”¡“ª√–¬ÿ °µå „™â „π°“√»÷ °…“·≈–§”π«≥À“

Õß§åª√–°Õ∫∑“ß·¡à‡À≈Á°‰øøÑ“¢Õß«— ¥ÿ —ß‡§√“–Àå

·¡à‡À≈Á°‰øøÑ“ ́ ÷Ëßª√–°Õ∫¥â«¬ ‚À¡¥¢Õß·¡à‡À≈Á°‰øøÑ“

(Electromagnetic (EM) Modes) ·≈–µ—«ª√–°Õ∫¢Õß·¡à‡À≈Á°

(Magnetic Components) (Wongkasem et al., 2006)

ª√–‡¿∑¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

®“°§ÿ≥ ¡∫—µ‘∑“ß·¡à‡À≈Á°‰øøÑ“·≈–øî ‘° å¢Õß

«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå ‡√“Õ“®·∫àß«— ¥ÿ·¡à

‡À≈Á°‰øøÑ“ —ß‡§√“–ÀåÕÕ°‡ªìπª√–‡¿∑µà“ßÊ ‰¥â¥—ßπ’È

         1. Negative Index Meta-materials (Double

Negative)

(Permittivity ( ) ·≈– Permeability ( ) ¡’

§à“πâÕ¬°«à“»Ÿπ¬å)

2. Single Negative Meta-materials

(Permittivity À√◊Õ Permeability ¡’§à“πâÕ¬

°«à“»Ÿπ¬å)

3. Chiral Meta-materials

(¡’ Cross Polarization Terms ( , ))

‡¡◊ËÕ Permittivity §◊Õ §à“ ¿“æ¬Õ¡ ‡ªìπµ—«∫àß«à“

 π“¡‰øøÑ“·≈–«— ¥ÿ‰¥Õ‘‡≈§µ√‘° (Dielectric Medium)

¡’º≈°—∫µàÕ°—π·≈–°—πÕ¬à“ß‰√ Permeability §◊Õ

§«“¡´“∫´÷¡‰¥â ‡ªìπµ—«™’È§«“¡µÕ∫ πÕß∑“ß·¡à‡À≈Á°

‡¡◊ËÕ¡’°“√„ à π“¡·¡à‡À≈Á°‡¢â“¡“„π«— ¥ÿ ·≈– Cross
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Polarization §◊Õ ‚æ≈“‰√‡´™—π‰¢«â ∑’Ë¡’µ—«ª√–°Õ∫

¢Õß‡«§‡µÕ√å π“¡‰øøÑ“µ—Èß©“°°—∫µ—«ª√–°Õ∫

‚æ≈“‰√‡´™—π∑’ËµâÕß°“√

À≈—°°“√·≈–°“√ÕÕ°·∫∫«— ¥ÿ·¡à‡À≈Á°

‰øøÑ“ —ß‡§√“–Àå

°“√ÕÕ°·∫∫‚§√ß √â“ß«—µ∂ÿ„Àâ¡’§ÿ≥ ¡∫—µ‘

∑’Ë§à“ Permeability ·≈– Permittivity ‡ªìπ≈∫ (µ < 0 ·≈–
ε <0) „™âÀ≈—°°“√°“√‡°‘¥¢Õßæ≈“ ¡Õπ (Plasmon)

À√◊Õ°≈ÿà¡¢ÕßÕ‘‡≈§µ√Õπ∑’Ë‡°‘¥°“√ Oscillate®“°°“√

°√–µÿâπ‚≈À–∑’Ë§«“¡∂’Ë ŸßÊ „π¬à“π Visible „°≈â°—∫™à«ß

Ultraviolet (UV) ´÷Ëß¡’§«“¡∂’ËÕ¬Ÿà„π™à«ß 1015 Hz ‚¥¬

§«“¡∂’Ë¢Õß§≈◊Ëπ·¡à‡À≈Á°‰øøÑ“∑’Ë„™â°√–µÿâππ—Èπ®–µâÕß

µË”°«à“§«“¡∂’Ëæ≈“ ¡“ (ω
p
) ¢Õß‚≈À–π—Èπ®÷ß®–

∑”„Àâ‚§√ß √â “ß∑’Ë √â “ß®“°‚≈À–¥—ß°≈à “«¡’§à “

Permittivity ‡ªìπ≈∫ ¥—ß ¡°“√∑’Ë (3)

ε(ω) = 1 -
   ω

p

2 (3)

ω(ω+iγ)

‡¡◊ËÕ ω
p
 §◊Õ§«“¡∂’Ëæ≈“ ¡“ ‚¥¬ª°µ‘·≈â«®–Õ¬Ÿà„π

™à«ß ‡ª°µ√—¡¢Õß§«“¡∂’Ë„π™à«ß Ultraviolet, ω §◊Õ

§«“¡∂’Ë¢Õß§≈◊Ëπ∑’Ë π„®,γ §◊Õ‡∑Õ¡¢Õß°“√Àπà«ßÀ√◊Õ

Damping ∑’Ë„™â„π°“√Õ∏‘∫“¬∂÷ß°“√·æ√à°√–®“¬

¢Õßæ≈—ßß“π Plasmon ‡¢â“‰ª„π√–∫∫

®“°À≈—°°“√¥—ß°≈à“«‰¥â¡’°“√∑¥≈Õß √â“ß

‡ âπ≈«¥∑Õß·¥ß (Copper Wire) ‚¥¬ÕÕ°·∫∫

‚§√ß √â“ß„Àâ¡’≈—°…≥–∑’Ë ‡ªìπ·∫∫‚§√ß √â“ß§“∫

(Periodic Structure) ¥â«¬°“√®—¥‡√’¬ßµ—«¢Õß‡ âπ≈«¥

∑Õß·¥ß∑’Ë¡’§«“¡¬“«‡ªìπÕπ—πµå„ÀâÕ¬Ÿà„π√Ÿª√à“ß

∑√ß ’Ë‡À≈’Ë¬¡≈Ÿ°∫“»°å¥—ß√Ÿª∑’Ë 4

√Ÿª∑’Ë 4. ‚§√ß √â“ß§“∫®“°°“√®—¥√’¬ßµ—«¢Õß‡ âπ≈«¥

∑Õß·¥ß (Copper Wire) ∑’Ë¡’§«“¡¬“«‡ªìπ

Õπ—πµå„ÀâÕ¬Ÿà„π√Ÿª√à“ß∑√ß ’Ë‡À≈’Ë¬¡≈Ÿ°∫“»°å

(∑’Ë¡“: Pendry, 1996)

º≈°“√∑¥≈Õß· ¥ß«à“‚≈À–®–¡’§ÿ≥ ¡∫—µ‘∑’Ë

Permittivity ‡ªìπ≈∫ Õ¬Ÿà„π™à«ß§«“¡∂’Ë∑’Ë‡Àπ◊Õ§«“¡∂’Ë

æ≈“ ¡“ (ω
p
) ‡∑à“π—Èπ °≈ÿà¡§≥–«‘®—¬¥—ß°≈à“«¬—ß‰¥â

‡ πÕ«à“‚§√ß √â“ß∑’Ë √â“ß¥â«¬«— ¥ÿª√–‡¿∑µ—«π”∑’Ë‰¡à¡’

§ÿ≥ ¡∫—µ‘∑“ß·¡à‡À≈Á° (Nonmagnetic Conductor)

®–· ¥ß§à“ Effective Magnetic Permeability (µ
eff
)

·≈– “¡“√∂∑’Ë®–∑”°“√ª√—∫§à“‰¥â‚¥¬°“√ª√—∫‡ª≈’Ë¬π

‚§√ß √â“ß ·≈–‰¥â∑”°“√∑¥≈Õß √â“ß‚§√ß √â“ß„Àâ¡’

≈—°…≥–∑’Ë ‡ªìπ·∫∫‚§√ß √â “ß§“∫‡™àπ‡¥’¬«°—π

‚¥¬„™â‚§√ß √â“ß Split Ring Resonator (SRR)

´÷Ëß®“°°“√∑¥≈Õßæ∫«à“ SRR π—Èπ¡’§ÿ≥ ¡∫—µ‘∑’Ë∑”„Àâ

§à“ Permeability ‡ªìπ≈∫ (√Ÿª∑’Ë 5) ¥—ß ¡°“√∑’Ë (7)

‚¥¬°“√ √â“ßπ—Èπ¡’‡ß◊ËÕπ‰¢«à“®–µâÕß √â“ß„Àâ‚§√ß √â“ß

SRR ¡’¢π“¥‡≈Á°«à“§«“¡¬“«§≈◊Ëπ∑’Ë„™â„π°“√∑¥≈Õß

¡“°Ê ‚¥¬∑’Ë¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß¢Õß‚§√ß √â“ß

SRR ®–µâÕß Õ¥§≈âÕß°—∫ ¡°“√∑’Ë (6) √Ÿª∑’Ë 5 · ¥ß

‚§√ß √â“ß 2 ·≈– 3 ¡‘µ‘¢Õß Split Ring Resonator

a<<λ = 2πc
0
ω-1          (6)
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(°)      (¢)

√Ÿª∑’Ë 5. Split Ring Resonator ((°) 2 ·≈– (¢) 3 ¡‘µ‘)

‡¡◊ËÕ a §◊Õ‡ âπºà“π»Ÿπ¬å°≈“ß¢Õß Unit Cell,

c §◊Õ §«“¡Àπ“¢Õß·ºàπ Nonmagnetic

Conductor ·≈– d §◊Õ √–¬–Àà“ß√–À«à“ß·ºàπ

Conductor (∑’Ë¡“: Pendry, 1999)

 ¡°“√∑’Ë (7) · ¥ß§à“ Effective Magnetic Permeability

¢Õß‚§√ß √â“ß SRR

(7)

§à“ Effective Magnetic Permeability

¢Õß‚§√ß √â“ß SRR ́ ÷Ëß∂Ÿ°§«∫§ÿ¡‚¥¬°“√‡√‚´·ππ´å

(Resonance) ¢Õßµ—«‡°Á∫ª√–®ÿ (Capacitance)

∑’Ë ‡°‘¥√–À«à“ß·ºàπ¢Õß SRR ·≈–µ—«‡Àπ’Ë¬«π”

(Inductance) ∑’Ë‡°‘¥„π‚§√ß √â“ß · ¥ß„π√Ÿª∑’Ë 6

√Ÿª∑’Ë 6. §à“ Effective Magnetic Permeability

¢Õß‚§√ß √â“ß SRR ´÷Ëß∂Ÿ°§«∫§ÿ¡‚¥¬§à“

‡√‚´·ππ´å (Resonance) ¢Õßµ—«‡°Á∫ª√–®ÿ

(Capacitance) ∑’Ë‡°‘¥√–À«à“ß·ºàπ¢Õß SRR

·≈–µ—«‡Àπ’Ë¬«π” (Inductance) ∑’Ë‡°‘¥„π

‚§√ß √â“ß

Meta-materials ∂Ÿ° √â“ß¢÷Èπ¡“®√‘ß „πªï

§.». 2000 (Smith et al., 2000) ‚¥¬‰¥â ¡“∑”°“√

 √â“ß·≈–ª√–°Õ∫‚§√ß √â“ß SRR ·≈– Copper Wire

∑’Ë‰¥â¡“®“°À≈—°°“√¢Õß Pendry Meta-materials

¡’‚§√ß √â“ß‡ªìπ§“∫ ®“°°“√∑¥≈Õß æ∫«à“¡’™à«ßºà“π

À√◊Õ Pass Band Õ¬Ÿà„π™à«ß∑’Ë Permeability ·≈–

Permittivity ‡ªìπ≈∫æ√âÕ¡°—π ‚¥¬ Pass Band

π’È§◊Õ™à«ß∑’Ë«— ¥ÿ¡’§à“¥—™π’°“√À—°‡À¢Õß· ßµ‘¥≈∫

√Ÿª∑’Ë 7 · ¥ß‚§√ß √â“ß¢Õß Meta-materials

∑’Ëª√–°Õ∫¥â«¬‚§√ß √â“ß Copper Wire ·≈– SRR

∑’Ë· ¥ß∑‘»∑“ß¢Õß π“¡‰øøÑ“·≈– π“¡·¡à‡À≈Á°

·≈–º≈°“√«—¥§à“¥—™π’°“√À—°‡À‚¥¬‡ª√’¬∫‡∑’¬∫

«— ¥ÿ 3 ª√–‡¿∑
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(°) (¢)

√Ÿª∑’Ë 7. (°) °“√ √â“ß Meta-materials ‚¥¬∑”°“√√«¡‚§√ß √â“ß SRR ·≈– Copper Wire ·≈– (¢) °√“ø· ¥ß

º≈°“√«—¥§à“¥—™π’°“√À—°‡À¢Õß· ß∑’Ë‡ª√’¬∫‡∑’¬∫√–À«à“ß Meta-materials ®√‘ß∑’ËÕÕ°·∫∫„Àâ¡’§à“¥—™π’

°“√À—°‡À¢Õß· ßµ‘¥≈∫, Teflon ·≈– Meta-materials „π∑“ß∑ƒ…Æ’ (∑’Ë¡“: Shelby, 2001)

   (°)                                       (¢)

√Ÿª∑’Ë 8. ‚§√ß √â“ß (°) Capacitively Loaded Strips (CLSs)·≈–  (¢) Square Split Ring Resonators (SRRs)

(∑’Ë¡“: Ziolkowski, 2003)

¡’°≈ÿà¡π—°«‘®—¬À≈“¬°≈ÿà¡ ‰¥â √â“ß Meta-

materials ∑’Ë¡’√Ÿª√à“ßµà“ßÊ °—π µ“¡À≈—°°“√¢Õß Pendry

‡™àπ „πªï 2003 Richard W. Ziolkowski ®“°¡À“«‘∑¬“≈—¬

Arizona ‰¥â √â“ß‚§√ß √â“ß‚¥¬°“√ª√–°Õ∫°—π¢Õß

Capacitively Loaded Strips (CLSs) ·≈–  Split Ring

Resonators ∑’Ë¡’√Ÿª ’Ë‡À≈’Ë¬¡ (Ziolkowski, 2003)

¥—ß· ¥ß„π√Ÿª∑’Ë 8 ‚¥¬ CLSs π—Èπ®–∑”„Àâ‡°‘¥ ε
∑’Ë‡ªìπ≈∫ ·≈– Square SRRs ®–„Àâ§à“ µ ∑’Ë‡ªìπ≈∫

°“√«‘‡§√“–Àå«ß®√∂Ÿ°π”¡“„™â™à«¬„π°“√

«‘‡§√“–Àå‚§√ß √â“ß¢Õß«— ¥ÿ·¡à‡À≈Á° —ß‡§√“–Àå¥â«¬

‡™àπ°—π ¥—ßß“π¢Õß°≈ÿà¡«‘®—¬®“° National University

of Singapore ‚¥¬ Q. Xu ·≈–§≥– (Xu et al., 2006)

∑’Ë»÷°…“‚§√ß √â“ß SRR ·≈–«ß®√‰øøÑ“¢Õß‚§√ß √â“ß

SRR ¥—ß· ¥ß„π√Ÿª∑’Ë 9
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  (°)                                     (¢)

√Ÿª∑’Ë  9. (°) ‚§√ß √â“ß·≈– (¢) «ß®√‰øøÑ“¢Õß SRR (∑’Ë¡“: Xu et al., 2006)

πÕ°®“°π’È°“√«‘‡§√“–Àå«ß®√ (Circuit

Analysis) ¬—ß “¡“√∂π”¡“„™â™à«¬„π°“√ÕÕ°·∫∫√Ÿª

∑√ß¢Õß‚§√ß √â“ß ‡™àπ °“√§”π«≥À“§à“ Resonance

¢Õß«ß®√ RLC ®“°‚§√ß √â“ß¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“

 —ß‡§√“–Àå„π à«π∑’ËµâÕß°“√ÕÕ°·∫∫„Àâ¡’ (-)µ
®–™à«¬„Àâ‡√“ “¡“√∂§“¥°“√≥åµ”·Àπàß∑’Ë‚§√ß √â“ß

π—Èπ®–¡’§à“¥—™π’À—°‡À¢Õß· ß∑’Ë¡’§à“µ‘¥≈∫∑’Ë‡°‘¥®“°

°“√§“∫‡°’Ë¬«À√◊Õ Overlap ¢Õß (-) ε ·≈–  (-) µ ‰¥â

√Ÿª∑’Ë  10. µ—«Õ¬à“ß°“√«‘‡§√“–Àå«ß®√¢Õß‚§√ß √â“ß Y (∑’Ë¡“: Wongkasem et al., 2007)

√Ÿª∑’Ë  10 · ¥ßµ—«Õ¬à“ß°“√«‘‡§√“–Àå«ß®√¢Õß

‚§√ß √â“ß Y ‡æ◊ËÕ§”π«≥À“§à“ Resonance ¢Õß

‚§√ß √â“ß ́ ÷Ëß§à“ Resonance ‡ªìπµ—«·ª√ ”§—≠µ—«Àπ÷Ëß

∑’Ë„™â™à«¬„π°“√ÕÕ°·∫∫™à«ß§«“¡∂’Ë∑’Ë‡√“µâÕß°“√¢Õß

‚§√ß √â“ß Meta-materials π—ÈπÊ „Àâ¡’§à“¥—™π’°“√

À—°‡À¡’§à“‡ªìπ≈∫

πÕ°®“°π’È¬—ß¡’°“√π”‡Õ“∑ƒ…Ø’°≈ÿà¡ À√◊Õ

Group Theory ·≈–∑ƒ…Ø’µ”·Àπàß°≈ÿà¡ (Point Group

Theory) ¡“„™â™à«¬„π°“√ÕÕ°·∫∫ (Wongkasem et al.,

2007) ª°µ‘∑ƒ…Ø’°≈ÿà¡·≈–∑ƒ…Ø’µ”·Àπàß°≈ÿà¡ ®–∂Ÿ°

„™â„π°“√«‘‡§√“–Àå¥â«¬µ—«ª√–°Õ∫ ¡¥ÿ≈ (Symmetry

Components) ¢ÕßÕ–µÕ¡„π‚¡‡≈°ÿ≈ ‡¡◊ËÕπ”¡“

ª√–¬ÿ°µå„™â°—∫‚§√ß √â“ß —ß‡§√“–Àå°Á®– “¡“√∂™à«¬

„π°“√«‘‡§√“–Àå§ÿ≥ ¡∫—µ‘∑“ß·¡à‡À≈Á° ‡™àπ ‚À¡¥¢Õß

·¡à ‡À≈Á°‰øøÑ“·≈–µ—«ª√–°Õ∫¢Õß·¡à ‡À≈Á°‰¥â

„π¢—Èπ·√°«— ¥ÿ —ß‡§√“–Àå®–∂Ÿ°®—¥°≈ÿà¡µ“¡≈—°…≥–

°“√«“ßµ—«¢Õß‚§√ß √â“ß∑“ß‡√¢“§≥‘µ (Geometry

Structure) ¢Õß°≈ÿà¡∑’Ë¡’„π∑ƒ…Ø’°≈ÿà¡ ·≈–°≈ÿà¡µà“ßÊ

®–∂Ÿ°®—¥ª√–‡¿∑‚¥¬„™â§à“¢Õßµ—«ª√–°Õ∫¢Õß·¡à

‡À≈Á°‡´‘ß´âÕπ∑—Èß 36 µ—« ∑’Ë‰¥â®“°µ—«ª√–°Õ∫ ¡¥ÿ≈

‚¥¬ºà“π¢—ÈπµÕπ°“√«‘‡§√“–Àå°“√®—¥µ”·Àπàß¢Õß

‚§√ß √â“ß °“√µ√«® Õ∫§«“¡ ¡¥ÿ≈°àÕπ·≈–À≈—ß°“√

®—¥„ à π“¡‰øøÑ“·≈– π“¡·¡à‡À≈Á°„π∑‘»∑“ßµà“ßÊ

„π°“√ √â“ß Meta-materials π—Èπ “¡“√∂

∑’Ë®– √â“ß·≈–∑¥ Õ∫‚¥¬Õÿª°√≥å∑“ß«‘»«°√√¡

Microwave ‚¥¬¡’À≈“¬«‘∏’„π°“√ √â“ß‡™àπ Etching,

Shadow Mask/Etching, Electron-Beam, Photolithography

‡ªìπµâπ ́ ÷Ëß„π°“√ √â“ßπ—Èπ®–µâÕß∑”„πÀâÕß Clean Room
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‚¥¬ “¡“√∂∑’Ë®– √â“ß‰¥â„πÀ≈“¬Ê™à«ß§«“¡∂’Ë

´÷Ëß„πªí®®ÿ∫—ππ’È°”≈—ß‰¥â√—∫§«“¡ π„®∑’Ë®– √â“ß„π

¬à“π§«“¡∂’Ë· ß (Optical Regime) √–À«à“ß¬à“π Infrared

(1012 GHz) ∂÷ß Ultra violet (1016 Hz) À√◊Õ„π¢π“¥

§«“¡¬“«§≈◊Ëπµ—Èß·µà 10-6 ‡¡µ√ (ª√–¡“≥¢π“¥¢Õß

·∫§∑’‡√’¬) ‡¢â“ Ÿà 10-8 ‡¡µ√ (ª√–¡“≥¢π“¥¢Õß‚ª√µ’π)

·µà«à“„π°“√ √â“ß Meta-materials „π√–¥—∫π’È®–¡’

§«“¡¬“°¢÷Èπ¡“Õ’°‡π◊ËÕß®“°«à“®–µâÕß √â“ß„Àâ¡’¢π“¥

‡≈Á°°«à“§«“¡¬“«§≈◊Ëπ„π¬à“π§«“¡∂’Ë Ÿß ¥—ßπ—Èπ¢π“¥

¢Õß‚§√ß √â“ß®–‡≈Á°¡“°·≈–√“§“„π°“√ √â“ß

‚§√ß √â“ß∑’Ë¡’¢π“¥‡≈Á°¡“°Ê ®–¡’√“§“·æß¡“°

«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘°—∫§ÿ≥≈—°…≥–æ‘‡»…

∑“ßøî ‘° å·≈–‰øøÑ“

°“√‡§≈◊ËÕπ∑’Ë¢Õß§≈◊Ëπ„π«—µ∂ÿ∑’Ë¡’ Permeability
·≈– Permittivity ‡ªìπ≈∫ (m  < 0 ·≈– e < 0
(Left-Handed))

®“°§«“¡ —¡æ—π∏å¢Õß Maxwell Equation

·≈–°Æ°“√Õπÿ√—°…å “¡“√∂Õ∏‘∫“¬‰¥â®“° ¡°“√∑’Ë (8)

(8.1)

(8.2)

„π√–π“∫§≈◊Ëπ∑’Ë¡’§«“¡∂’Ë‡¥’¬«°—π®–¡’§«“¡ —¡æ—π∏å

Õ¬Ÿà„π√ŸªÕ—µ√“ à«π¢Õß  ei(kz-ωt)   ‡√“ “¡“√∂≈¥√Ÿª

 ¡°“√∑’Ë (8) ‰¥â‡ªìπ

k x E = 
  ω 

µH
(9)

   c

k x H =-
  ω 

εE
   c

®“° ¡°“√∑’Ë (9) ∂â“ µ > 0 ·≈– ε >0 ·≈â« E, H
·≈– k ®–‡ªìπ Right-Handed («— ¥ÿ∑—Ë«‰ª∑’Ëæ∫µ“¡

∏√√¡™“µ‘) ·≈–∂â“ µ < 0 ·≈– ε < 0 ®–‡√’¬°«à“ Left-
Handed («—µ∂ÿ∑’Ë¡’§ÿ≥ ¡∫—µ‘∑’Ë¡’ Permeability ·≈–

Permittivity πâÕ¬°«à“»Ÿπ¬å) ·≈–„π‡«≈“‡¥’¬«°—π

Pointingûs Vector S ®–À“‰¥â¥—ß ¡°“√∑’Ë (10)

S = E x H (10)

 ¡°“√∑’Ë(10) π—ÈπÀ“‰¥â®“°°“√§√Õ ‡«°‡µÕ√å E ·≈–

H ∑‘»∑“ß¢Õß Wave Vector (k) π—Èπ®–¡’∑‘»∑“ß°“√

‡§≈◊ËÕπ∑’Ë‰ª„π∑‘»‡¥’¬«°—π°—∫°—∫ Phase Velocity (ν
ph
)

¥—ßπ—Èπ ∂â“«— ¥ÿ¡’§à“ Permeability ·≈– Permittivity  ¡’

§à“‡ªìπ≈∫ ‡«°‡µÕ√å ν
ph
 ·≈– Pointingûs Vector S

(∑‘»∑“ß°“√‰À≈¢Õßæ≈—ßß“π) ®–¡’∑‘»∑“ßµ√ß°—π¢â“¡

´÷Ëß‡√’¬°°√≥’π’È«à“ Negative Phase Velocity À√◊Õ

Negative Group Velocity  ‚¥¬ª°µ‘·≈â« Group

Velocity (ν
g
) ®–¡’§«“¡ —¡æ—π∏å°—∫∑‘»∑“ß¢Õß

Pointingûs Vector S À√◊Õ°≈à“«§◊Õ Group Velocity

®–¡’∑‘»‡¥’¬«°—π°—∫°“√‰À≈¢Õßæ≈—ßß“π®“°µ—«®à“¬‰ª

¬—ßµ—«√—∫ ´÷Ëß®“°À≈—°°“√π’È‡Õß®÷ßπ”‰ª Ÿà°“√Õ∏‘∫“¬„π

‡√◊ËÕß¢Õß°“√°≈—∫∑‘» (Reverse) ¢Õß Doppler

Effect,Cerenkov Effect ·≈– Snellûs Law  ¡°“√∑’Ë

(11) ·≈– (12) · ¥ß∂÷ß Wave Vector ·≈– ¡°“√

¢Õß Phase Velocity

‚¥¬∑’Ë n §◊Õ§à“¥—™π’°“√À—°‡À¢Õß· ß ´÷Ëß “¡“√∂

§”π«≥‰¥â®“° (n =         )
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Doppler Effect

º≈°√–∑∫¥Õª‡æ≈Õ√å (Doppler Effect) π—Èπ

°≈à“«∂÷ß°“√‡ª≈’Ë¬π·ª≈ß§«“¡∂’Ë·≈–§«“¡¬“«§≈◊Ëπ¢Õß

§≈◊Ëπ∑’ËºŸâ√—∫ (Observer) ∑’Ë‡§≈◊ËÕπ∑’Ë —¡æ—∑∏å°—∫·À≈àß

®à“¬§≈◊Ëπ (Source) ®–¡’§«“¡ —¡æ—π∏å°—∫µ—«°≈“ß

(Carrier) ∑’Ë§≈◊Ëπ‡§≈◊ËÕπ∑’Ëºà“πÕ’°¥â«¬ æ‘®“√≥“ ¡°“√

æ◊Èπ∞“π¢Õß Doppler Effect „π ¡°“√∑’Ë (13)

‡¡◊ËÕ ω
0
 §◊Õ§«“¡∂’Ë¢Õßµ—«®à“¬ (Source

Frequency), ν §◊Õ§«“¡‡√Á«¢Õßµ—«√—∫ (Receiver

Velocity) ´÷Ëß®–¡’∑‘»∑“ß‡ªìπ∫«°‡¡◊ËÕ‡§≈◊ËÕπ∑’ËÕÕ°®“°

·À≈àß®à“¬, c §◊Õ§«“¡‡√Á«¢Õß· ß´÷Ëß®–¡’‡§√◊ËÕßÀ¡“¬

‡ªìπ∫«°‡ ¡Õ ·≈– n §◊Õ§à“ ¥—™π’À—°‡À¢Õß· ß¢Õß

µ—«°≈“ß∑’Ë π„®

‚¥¬∑—Ë«‰ª·≈â«„π«— ¥ÿ∑’Ë‡ªìπ Right-Handed

§«“¡∂’Ë∑’Ëµ—«√—∫®–√—∫‰¥â®–¡’¢π“¥∑’ËπâÕ¬°«à“§«“¡∂’Ë

¢Õßµ—« àß (ω
0 
) √Ÿª∑’Ë 11°. æ‘®“√≥“ ¡°“√∑’Ë (13)

 “¡“√∂Õ∏‘∫“¬‰¥â«à“„πµ—«°≈“ß∑’Ë¡’§à“¥—™π’À—°‡À¢Õß

· ß∑’Ë¡’§à“µ‘¥≈∫ ®–∑”„Àâ¢π“¥§«“¡∂’Ë¢Õßµ—«√—∫¡“°

°«à“µ—«®à“¬  —ß‡°µ‰¥â®“°‡¡◊ËÕ‡§√◊ËÕßÀ¡“¬¢Õß n ‡ªìπ

≈∫®–∑”„Àâ ¡°“√∑’Ë (13) ¡’§à“‡æ‘Ë¡¢÷Èπ ÷́Ëß®–¡’º≈

∑”„Àâ‡§√◊ËÕßÀ¡“¬¢Õß Wave Vector ∑’Ë‡ªìπ≈∫ µ“¡

 ¡°“√∑’Ë (11) ®–∑”„Àâ§≈◊Ëπ‰´πå (Wave Vector k )

‡§≈◊ËÕπ∑’Ë‡¢â“À“·À≈àß®à“¬  à«π§≈◊Ëπ (Pointingûs Vector)

‡§≈◊ËÕπ∑’ËÕÕ°‰ª®“°·À≈àß®à“¬ ´÷Ëß‡§≈◊ËÕπ∑’Ë‰ª„π

∑‘»∑“ßµ√ß¢â“¡°—πµ“¡√Ÿª∑’Ë 11¢.

º≈°√–∑∫ Reversal Doppler π—Èπ‡√“

 “¡“√∂∑’Ë®–æ∫‰¥â„πµ—«°≈“ß∑’Ë¡’§à“ ¥—™π’À—°‡À

¢Õß· ß∑’Ë¡’§à“µ‘¥≈∫ ®“°§ÿ≥ ¡∫—µ‘π’È¥—ß∑’Ë°≈à“«‰ª

·≈â«¢â“ßµâπ “¡“√∂∑’Ë®–∑”„Àâ Train-whistle ¢Õß

‡ ’¬ß„π Pitch π—Èπ Ÿß¢÷Èπ‡¡◊ËÕ¡—π‡§≈◊ËÕπ∑’Ë‡¢â“¡“∂÷ß

·≈–∑”„Àâ√–¥—∫‡ ’¬ßµË”≈ß‡¡◊ËÕ Pitch ‡§≈◊ËÕπ∑’ËÕÕ°‰ª

‚¥¬‡√“ “¡“√∂∑’Ë®–π”À≈—°°“√π’È‰ªª√–¬ÿ°µå„™â„π

°“√µ‘¥µàÕ ◊ËÕ “√ºà“π‚∑√»—æ∑å¡◊Õ∂◊Õ´÷ËßµÕππ’È°”≈—ß

Õ¬Ÿà„π¢—ÈπµÕπ¢Õß°“√∑¥≈Õß·≈–ª√—∫ª√ÿß

 (°)                                                       (¢)

√Ÿª∑’Ë 11. Pointingûs Vector  ·≈– Wave Vector „π°“√‡§≈◊ËÕπ∑’Ë„πµ—«°≈“ß∑’Ë‡ªìπ (°) Right-Handed ·≈–

(¢) Left-Handed Metamaterials.

Cherenkov Effect

Cherenkov Effect ‡ªìπº≈°√–∑∫Àπ÷Ëß∑’Ë‡°‘¥

®“°°“√∑’Ë§à“ Permeability ·≈– Permittivity ‡ªìπ≈∫

∑—Èß§Ÿà ´÷Ëß®–°≈à“«∂÷ß°“√‡§≈◊ËÕπ∑’Ë¢ÕßÕπÿ¿“§®“°

µ—«°≈“ßÀπ÷Ëß‰ª¬—ßÕ’°µ—«°≈“ßÀπ÷Ëß¥â«¬§«“¡‡√Á«∑’Ë‡√Á«

°«à“§«“¡‡√Á«· ß ́ ÷ËßÀ“°Õπÿ¿“§‡§≈◊ËÕπ∑’Ë‰ª¬—ßµ—«°≈“ß

∑’Ë¡’§à“ ¥—™π’À—°‡À¢Õß· ß∑’Ë¡’§à“µ‘¥≈∫ (n < 0) ¥â«¬

§«“¡‡√Á«∑’Ë‡√Á«°«à“§«“¡‡√Á«· ß Õπÿ¿“§‡À≈à“π—Èπ®–‰¡à

·ºà°√–®“¬ÕÕ° (Radiated) ‰ª¢â“ßÀπâ“µ“¡ª°µ‘·µà

®–·ºàÕÕ°‰ª„π∑‘»°≈—∫°—π µ“¡√Ÿª∑’Ë  12°.

´÷Ëß “¡“√∂æ‘®“√≥“‰¥âµ“¡®“° ¡°“√∑’Ë (14)  ¡°“√

¢Õß Angle of Cherenkov Radiation

cosθ =  c  (14)

    νn
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‡¡◊ËÕ c §◊Õ§«“¡‡√Á«· ß n §◊Õ§«“¡‡√Á«¢ÕßÕπÿ¿“§ §◊Õ

§à“ n ¥—™π’°“√À—°‡À¢Õß· ßºà“πµ—«°≈“ß ∂â“§à“ ¥—™π’

°“√À—°‡À¢Õß· ß°≈“¬‡ªìπ≈∫ ®–‡ÀÁπ‰¥â«à“¡ÿ¡  q ®–

Õ¬Ÿà„π®µÿ¿“§∑’Ë 2 ÷́Ëß®–∑”„ÀâÕπÿ¿“§‡§≈◊ËÕπ∑’Ë‰ª¬—ß

∑‘»µ√ß¢â“¡°—∫∑‘»∑“ßµ“¡ª°µ‘¥—ß√Ÿª∑’Ë 12 ¢.

(°)       (¢)

√Ÿª∑’Ë 12. Cherenkov Effect (°) - „πµ—«°≈“ß∑’Ë n > 0,
(¢) - „πµ—«°≈“ß∑ n < 0 ‡¡◊ËÕ §◊Õ‡«°‡µÕ√å

¢Õß§«“¡‡√Á« §◊Õ Pointingûs Vector, k §◊Õ

Wave Vector.

„π∑“ßøî ‘° åπ—Èπ º≈°√–∑∫®“° Reverse Cherenkov

π’È “¡“√∂π”‰ªª√–¬ÿ°µå„™â„π¥â“π°“√µ√«®®—∫‡æ◊ËÕ∑’Ë

®–∑”°“√√–∫ÿÕπÿ¿“§¢Õßª√–®ÿ∑’Ë¡’§«“¡‡√Á«·µ°µà“ß°—π

Snellûs Law

 “¡“√∂Õ∏‘∫“¬‰¥âµ“¡ ¡°“√∑’Ë (15)

n
l
 sinθ

l
 = n

2
 sin θ

2
(15)

®“°°“√∑’Ë Wave Vector k ¡’∑‘»∑“ßµ√ß¢â“¡

°—∫∑‘»¢Õß°“√‡§≈◊ËÕπ∑’Ë¢Õß Pointingûs Vector S  ®–

‡ªìπ‡Àµÿ„Àâ‡°‘¥°“√°≈—∫∑‘»µ“¡ Snellûs Law ( ¡°“√

∑’Ë(15)) ®“°√Ÿª∑’Ë 13 æ‘®“√≥“°“√‡§≈◊ËÕπ∑’Ë¢Õß§≈◊Ëπ∑’Ë

‡§≈◊ËÕπµ—«®“°Õ“°“»‡¢â“ Ÿàµ—«°≈“ß∑’Ë§à“¥—™π’°“√À—°‡À

‡ªìπ≈∫ (n < 0 ) ®– —ß‡°µ‰¥â«à“∑‘»∑“ß°“√À—°‡À¢Õß

§≈◊Ëππ—Èπ®–‡∫’Ë¬ß‡∫πÕÕ°¡“∑“ß¥â“π‡¥’¬«°—π°—∫¥â“π∑’Ë

‡§≈◊ËÕπ∑’Ë‡¢â“¥—ß· ¥ß„π√Ÿª∑’Ë 13 ¢.

(°)                         (¢)

√Ÿª∑’Ë 13. · ¥ß‡ âπ∑“ß°“√ –∑âÕπ¢Õß≈”· ß∑’Ë√Õ¬

µàÕ¢Õß ÿ≠≠“°“» (n > 0) ·≈–µ—«°≈“ß∑’Ë¡’

(°) - §à“ n > 0 ·≈– (¢) -n < 0,1 §◊Õ

Incident Beams, 2 §◊Õ Reflected Beams, 3

§◊Õ Refracting Beams. S §◊Õ Pointingûs

Vector, k §◊Õ Wave Vector.

°“√ª√–¬ÿ°µå„™â«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘

·¡â«à“‰¥â¡’°“√§‘¥§âπ ·≈–æ—≤π“‚§√ß √â“ß

¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå¡“Õ¬à“ßµàÕ‡π◊ËÕß

‡√‘Ë¡®“°°“√»÷°…“‚§√ß √â“ß Split Ring Resonator

·≈– ‚§√ß √â“ß√«¡ Metamaterials ∑’Ë√«¡ SRR

·≈– Wires ‡¢â“¥â«¬°—π ‚¥¬°≈ÿà¡«‘®—¬¢Õß Imperial

College (John Pendry ·≈–§≥–), UCSD ·≈– Duke

University (D. R. Smith ·≈–§≥–), MIT (J. A. Kong

·≈–§≥–), Iowa State University (N. Katsarakis

·≈–§≥–) ·≈–Õ◊ËπÊ ¬—ß‰¥â¡’°“√§‘¥§âπ‚§√ß √â“ß«— ¥ÿ

·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå ∑’Ë¡’§ÿ≥ ¡∫—µ‘ Chirality ·≈–

¥—™π’À—°‡À¢Õß· ß∑’Ë¡’§à“µ‘¥≈∫ „π‚§√ß √â“ß‡¥’¬«°—π

‡æ◊ËÕ„™â„πÕÿª°√≥å°“√µ√«® Õ∫¬“ (Drug Discovery)

‡¡◊ËÕªï 2006 ‚¥¬°≈ÿà¡π—°«‘®—¬®“° University of

Massachusetts (A. Akyurtlu ·≈–§≥–) ª√–‡∑»

 À√—∞Õ‡¡√‘°“ À√◊Õ °“√„™â«— ¥ÿ·¡à‡À≈Á°‰øøÑ“

 —ß‡§√“–Àå‡§≈◊Õ∫‡æ◊ËÕ √â“ß«—µ∂ÿ≈àÕßÀπ (Invisible

Objects) (§.». 2007) °≈ÿà¡π—°«‘®—¬®“° Imperial College

ª√–‡∑»Õ—ß°ƒ…, UCSD ·≈– Duke University ·≈–

University of Pennsylvania ª√–‡∑» À√—∞Õ‡¡√‘°“

Õ¬à“ß‰√°Áµ“¡ °“√»÷°…“«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

¬—ß§ßÕ¬Ÿà„π√–¥—∫‡√‘Ë¡µâπ ·≈–¬—ß¡’™àÕß«à“ß„Àâ»÷°…“·≈–

æ—≤π“ ‡æ◊ËÕª√–¬ÿ°µå„™â„πÕÿª°√≥å‰øøÑ“·≈–·¡à‡À≈Á°
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‰øøÑ“ µ—«Õ¬à“ß‡™àπ «— ¥ÿ‡§≈◊Õ∫ (Coating Materials),

‡§√◊ËÕß°√Õß —≠≠“≥ (Filters), µ—«‡´Áπ‡´Õ√å (Sensors),

 “¬Õ“°“» (Antenna), ‡≈π å (Lens) „¬·°â«π”· ß

(Fiber Optics) √«¡∂÷ß √â“ßÕÿª°√≥å„À¡àÊ ‰¥âÕ’°¥â«¬

√Ÿª∑’Ë 14. · ¥ßµ—«Õ¬à“ßª√–‡¿∑¢Õß Metamaterials °—∫

°“√ª√–¬ÿ°µå„™â«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå„π¥â“πµà“ßÊ

√Ÿª∑’Ë 14. · ¥ßµ—«Õ¬à“ßª√–‡¿∑¢Õß Metamaterials °—∫°“√ª√–¬ÿ°µå„™â«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå„π¥â“πµà“ßÊ

°“√»÷°…“ «‘‡§√“–Àå ∑”§«“¡‡¢â“„®À≈—°°“√

∑“ß°“¬¿“æ (Physics) √«¡∂÷ß§ÿ≥ ¡∫—µ‘∑“ß‰øøÑ“

·≈–·¡à‡À≈Á°‰øøÑ“ (Electric and Electromagnetic

Properties) ¢Õß‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

‡™àπ Chirality, Isotropy, Bi-anisotropy, Negative

Refractive Index ®–∑”„Àâ‡¢â“„®æƒµ‘°√√¡·≈–

º≈µÕ∫ πÕß®“°«— ¥ÿ·¡à ‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

´÷Ëß‡ªìπ»“ µ√å„À¡à‰¥â¥’¬‘Ëß¢÷Èπ °“√æ—≤π“ ·≈–ª√—∫ª√ÿß

‚§√ß √â“ß¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå„Àâ¡’

§ÿ≥ ¡∫—µ‘‡ªìπµ“¡‡ß◊ËÕπ‰¢ ·≈–§«“¡µâÕß°“√¢Õß

Õÿª°√≥å‰øøÑ“·≈–·¡à‡À≈Á°‰øøÑ“ ®– “¡“√∂™à«¬

æ—≤π“§ÿ≥ ¡∫—µ‘∑“ß‰øøÑ“ ·≈–·¡à‡À≈Á°‰øøÑ“ Õ“∑‘‡™àπ

§«“¡°«â“ß¢Õß —≠≠“≥ (Bandwidth) ·≈– °“√ Ÿ≠‡ ’¬

(Loss) ¢ÕßÕÿª°√≥å¥—ß°≈à“«¢â“ßµâπ‰¥â  ¬‘Ëß‰ª°«à“π—Èπ

®“°§ÿ≥ ¡∫—µ‘æ‘‡»…‡æ‘Ë¡‡µ‘¡¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“

 —ß‡§√“–Àå ®–™à«¬„Àâ “¡“√∂ √â“ßÕÿª°√≥å‰øøÑ“·≈–

·¡à‡À≈Á°‰øøÑ“∑’Ë‰¡à‡§¬ª√“°Ø«à“ √â“ß‰¥â „Àâ‡ªìπ®√‘ß‰¥â

‡™àπ  Perfect Lenses ·≈– Cloaking Objects √Ÿª∑’Ë 15

· ¥ß§«“¡ —¡æ—π∏å√–À«à“ß«— ¥ÿ·¡à ‡À≈Á°‰øøÑ“

 —ß‡§√“–Àå°—∫Õß§å§«“¡√Ÿâ
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«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘„π∑»«√√…π’È

„π™à«ß·√° Meta-materials ∂Ÿ°π”‰ª„™â

„π™à«ß§«“¡∂’Ë Microwave (109 GHz) „π™à«ß§«“¡∂’Ë

∑’Ë‰¡à Ÿß¡“°π’È º≈µÕ∫ πÕß¢Õß·¡à‡À≈Á°‰øøÑ“¢Õß

«— ¥ÿ‚≈À–®–ª√–æƒµ‘µ—«‡°◊Õ∫®–‡ªìπµ—«π” ¡∫Ÿ√≥å

π—Ëπ§◊Õ®–¡’§à“ ¿“æ¬Õ¡ (Permittivity) ∑’Ë„À≠à

„π¢≥–∑’Ëº≈µÕ∫ πÕß∑“ß·¡à‡À≈Á°‰øøÑ“„π™à«ß

§«“¡∂’Ë∑’Ë Ÿß¢÷Èπ„π™à«ß· ß (Optical Regimes)

®–¡’º≈‡∑’¬∫‡§’¬ß°—∫§à“ ¿“æ¬Õ¡¢Õß«— ¥ÿÀ≈—° (Host)

´÷Ëß “¡“√∂∑”„Àâ‡°‘¥ Surface Plasmon Resonance ‰¥â

¥—ßπ—Èπ°“√ÕÕ°·∫∫«— ¥ÿ‚§√ß √â“ß —ß‡§√“–Àå„π™à«ß

§«“¡∂’Ë∑’Ë Ÿß¢÷Èπ ®–µâÕß§”π÷ß‡ß◊ËÕπ‰¢µà“ßÊ ∑’Ë‡æ‘Ë¡¢÷Èπ¡“¥â«¬

ªí®®ÿ∫—π‰¥â¡’°“√æ—≤π“ Meta-materials

„ÀâÕ¬Ÿà„π™à«ß§«“¡∂’Ë∑’Ë Ÿß„π√–¥—∫ 1012 Hertz

À√◊Õ Terahertz (THz) ·≈– Ÿß°«à“π—Èπ ‡¢â“ Ÿà™à«ß Infrared

·≈– Ultraviolet (1012-1015Hz) ‡æ◊ËÕª√–¬ÿ°µå„™âß“π

‡§√◊ËÕß¡◊Õµà“ßÊ ‡™àπ  “¬Õ“°“» (Antennas)

∑’Ë¡’§ÿ≥ ¡∫—µ‘ Ÿß, Optical Nanolithography,

«ß®√‰øøÑ“π“‚π (Nano-circuits),  “√‡§≈◊Õ∫‡Àπ◊Õ

∏√√¡™“µ‘ (Meta-coatings),  Sensings, Spectroscopy

·≈– Microscopy „π™à«ß§«“¡∂’Ë Ÿß ·≈–‡π◊ËÕß®“°

§«“¡∂’Ë¢Õß«— ¥ÿª√–‡¿∑π’È®–·ª√º°º—π°—∫¢π“¥¢Õß

‚§√ß √â“ß ‚§√ß √â“ß®÷ß¡’¢π“¥‡≈Á°≈ß ‡¢â“ Ÿà¢π“¥π“‚π

(Nano-scale) À√◊Õ 10-9 ‡¡µ√ √Ÿª∑’Ë  16

· ¥ßµ—«Õ¬à“ß‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° —ß‡§√“–Àå

Gammadion ·≈– ‚§√ß √â“ß Y „π¢π“¥π“‚π·≈–

‰¡‚§√‡¡µ√

√Ÿª∑’Ë 15. §«“¡ —¡æ—π∏å√–À«à“ß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“

 —ß‡§√“–Àå (Metamaterials) °—∫ ∑ƒ…Æ’/‚¡‡¥≈ (Theory/

Modeling), °“√ —ß‡§√“–Àå„À¡àÊ (Novel Synthesis) ·≈–

°“√ª√–¬ÿ°µå„™â (Applications)

       (°)    (¢)

√Ÿª∑’Ë 16. µ—«Õ¬à“ß«— ¥ÿ·¡à‡À≈Á° —ß‡§√“–Àå   (°) ‚§√ß √â“ß Gammadion · ¥ß¢π“¥„π™à«ßπ“‚π(∑’Ë¡“: Bagnell

et al., 2006) ·≈– (¢) ‚§√ß √â“ß Y · ¥ß¢π“¥„π™à«ß ‰¡‚§√‡¡µ√ (∑’Ë¡“: Wongkasem et al. , 2006)
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°“√ √â“ß«— ¥ÿ·¡à ‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

„Àâ∑”ß“π„π™à«ß§«“¡∂’Ë Ÿß ‚¥¬°“√≈¥¢π“¥

¢Õß‚§√ß √â“ß∑’Ë‰¥â¡’°“√æ—≤π“¡“·≈â«„π™à«ß§«“¡∂’Ë

∑’ËµË”°«à“ (‰¡‚§√‡«ø À√◊Õ GHz) Õ“®‡ªìπ∑“ß‡≈◊Õ°Àπ÷Ëß

· µà „π°√≥’ ∑’Ë ‚ § √ ß √â “ ß ¡’ § « “¡´— ∫´â Õπ¡ “°

°“√ √â“ß‚§√ß √â“ß°Á®–‡ªìπ‰ª‰¥â¬“°À√◊Õ‰¡à “¡“√∂

∑”‰¥â„πªí®®ÿ∫—π °“√æ—≤π“·≈–ÕÕ°·∫∫„Àâ‚§√ß √â“ß

¡’√Ÿª·∫∫∑’Ëßà“¬®÷ßπ—∫‡ªìπ§«“¡∑â“∑“¬Õ¬à“ß¡“°

Podolskiy (2002) ‰¥â»÷°…“ Plasmon Mode

„π Metal Nanowires ·≈–«— ¥ÿ∑’Ë¡’§à“¥—™π’°“√À—°‡À

¢Õß· ß‡ªìπ≈∫ Shalaev (2005) ‰¥â»÷°…“·∂«≈”¥—∫

·∫∫§“∫¢Õß Nanorods ∑’Ë¡’§ÿ≥ ¡∫—µ‘¥—™π’°“√À—°‡À

¢Õß· ß‡ªìπ≈∫„π™à«ß§«“¡∂’Ë· ß Zhang (2006) ·≈–

Dolling (2006) ‰¥â‡ πÕ‚§√ß √â“ß√Ÿª«ß√’·≈–µ“¢à“¬

µ“¡≈”¥—∫ ´÷Ëß‚§√ß √â“ß∑—Èß Õßµà“ß· ¥ß§ÿ≥ ¡∫—µ‘

¥—™π’°“√À—°‡À¢Õß· ß‡ªìπ≈∫„π™à«ß§«“¡∂’Ë Ÿß¥—ß°≈à“«

Zhou (2006) ·≈– Chettiar (2006) ‰¥âÕÕ°·∫∫«— ¥ÿ

∑’Ë¡’§à“¥—™π’°“√À—°‡À¢Õß· ß‡ªìπ≈∫„π·π«„À¡à ‚¥¬

„™â°“√«“ß«— ¥ÿª√–‡¿∑µ—«π”·≈–°÷Ëßµ—«π”µà“ß™π‘¥°—π

‡ªìπ™—ÈπÊ Wongkasem (2007) ‰¥â‡ πÕ·π«∑“ß„π

°“√ÕÕ°·∫∫«— ¥ÿ·¡à‡À≈Á°‰øøÑ —ß‡§√“–Àå„π™à«ß

§«“¡∂’Ë· ß‚¥¬„™â Quantum Chemistry ∑ƒ…Ø’°≈ÿà¡

·≈–∑ƒ…Ø’µ”·Àπàß°≈ÿà¡

·¡â«à“®–¡’°≈ÿà¡«‘®—¬À≈“¬°≈ÿà¡∑—Ë«‚≈°‰¥â

æ¬“¬“¡∑”°“√æ—≤π“«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

„π¢π“¥π“‚π ‚¥¬„™âÀ≈—°°“√¢Õß Photonic Crystals,

Transmission Lines, Metal-Dielectric Nanostructures

·≈–Õ◊ËπÊ Õ¬à“ß‰√°Áµ“¡¬—ß‰¡à¡’¢âÕ √ÿª«à“‚§√ß √â“ß

„¥¥’∑’Ë ÿ¥ Õ’°∑—Èß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå

„π‚§√ß √â“ßµà“ßÊ °Á¡’¢âÕ¥’¢âÕ‡ ’¬µà“ß°—π ·≈–‡À¡“–

°—∫°“√ª√–¬ÿ°µå„™â„πß“π∑’Ëµà“ß°—π ¥—ßπ—Èπ°“√»÷°…“

«‘‡§√“–Àå ∑”§«“¡‡¢â“„®À≈—°°“√∑“ß°“¬¿“æ (Physics)

√«¡∂÷ß§ÿ≥ ¡∫—µ‘∑“ß‰øøÑ“·≈–·¡à‡À≈Á°‰øøÑ“ (Electric

and Electromagnetic Properties) ¢Õß‚§√ß √â“ß«— ¥ÿ

·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå¢π“¥π“‚π ‡™àπ Chirality,

Isotropy, Bi-anisotropy, Negative Refractive Index

®–∑”„Àâ‡¢â“„®æƒµ‘°√√¡·≈–º≈µÕ∫ πÕß®“°«— ¥ÿ

·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå¢π“¥π“‚π„π™à«ß§«“¡∂’Ë Ÿß

∑’Ë ‡ ªì π » “   µ √å · ≈ – «‘ ∑ ¬ “ ° “ √ „ À¡à ‰ ¥â ¥’ ¬‘Ë ß ¢÷È π

´÷Ëß°Á®–‡ªìπ°“√™à«¬°“√ÕÕ°·∫∫‚§√ß √â“ß¢Õß«— ¥ÿ

· ¡à ‡ À ≈Á ° ‰ øøÑ “  — ß ‡ § √ “ – Àå ¢ π “ ¥π “ ‚ π ‰ ¥â ¡’

ª√– ‘∑∏‘¿“æ¡“°¢÷Èπ¥â«¬ °“√æ—≤π“·≈–ª√—∫ª√ÿß

‚§√ß √â“ß¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå¢π“¥π“‚π

„Àâ¡’§ÿ≥ ¡∫—µ‘‡ªìπµ“¡‡ß◊ËÕπ‰¢·≈–§«“¡µâÕß°“√¢Õß

Õÿª°√≥å‰øøÑ“·≈–·¡à‡À≈Á°‰øøÑ“ ®– “¡“√∂™à«¬

æ—≤π“§ÿ≥ ¡∫—µ‘∑“ß‰øøÑ“·≈–·¡à‡À≈Á°‰øøÑ“ Õ“∑‘‡™àπ

§«“¡°«â“ß¢Õß —≠≠“≥ (Bandwidth) ·≈– °“√ Ÿ≠‡ ’¬

(Loss) ¢ÕßÕÿª°√≥å¥—ß°≈à“«¢â“ßµâπ‰¥â ¬‘Ëß‰ª°«à“π—Èπ

®“°§ÿ≥ ¡∫—µ‘æ‘‡»…‡æ‘Ë¡‡µ‘¡¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“

 —ß‡§√“–Àå¢π“¥π“‚π ®–™à«¬„Àâ “¡“√∂ √â“ß

Õÿª°√≥å‰øøÑ“·≈–·¡à‡À≈Á°‰øøÑ“∑’Ë‰¡à‡§¬ª√“°Ø«à“

 √â“ß‰¥â „Àâ‡ªìπ®√‘ß‰¥â

 √ÿª

À≈—°°“√ ”§—≠¢Õß«— ¥ÿ ‡Àπ◊Õ∏√√¡™“µ‘

´÷Ëß§√Õ∫§≈ÿ¡µ—Èß·µà ª√–«—µ‘ æ◊Èπ∞“π«‘∏’°“√ —ß‡§√“–Àå

·≈–°“√ÕÕ°·∫∫ ª√–‡¿∑ ·≈–§ÿ≥ ¡∫—µ‘æ‘‡»…

¢Õß«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå∑—Èß∑“ß¥â“πøî ‘° å

·≈–·¡à‡À≈Á°‰øøÑ“∂Ÿ°π”¡“‡ πÕ ‰¥âæ‘®“√≥“§«“¡

‡ªìπ‰ª‰¥â „π°“√ÕÕ°·∫∫«— ¥ÿ·¡à ‡À≈Á°‰øøÑ “

 —ß‡§√“–Àå¥â«¬«‘∏’°“√µà“ßÊ ÷́Ëß«— ¥ÿ‡Àπ◊Õ∏√√¡™“µ‘

À√◊Õ«— ¥ÿ·¡à‡À≈Á°‰øøÑ“ —ß‡§√“–Àå ∑’Ë‰¥â∂Ÿ°ÕÕ°·∫∫

‚§√ß √â“ßÕ¬à“ß‡À¡“– ¡ ®–¡’µ—«ª√–°Õ∫¢Õß∑—Èß

 π“¡‰øøÑ“·≈– π“¡·¡à‡À≈Á°∑’Ë “¡“√∂‡™◊ËÕ¡√«¡°—∫

‡¡∑–Õ–µÕ¡ ∑”„Àâ‡°‘¥§ÿ≥ ¡∫—µ‘„À¡à∑“ß¥â“π· ß ‡™àπ

· ß Õß¥â“π¡◊Õ, ¥—™π’À—°‡À¢Õß· ß∑’Ë¡’§à“µ‘¥≈∫

‡ªìπµâπ Õ’°∑—Èß‰¥â· ¥ß§«“¡ —¡æ—π∏å√–À«à“ß«— ¥ÿ·¡à

‡À≈Á°‰øøÑ“ —ß‡§√“–Àå °—∫ ∑ƒ…Æ’/‚¡‡¥≈ √«¡∑—Èß°“√

 —ß‡§√“–Àå„À¡àÊ ·≈– °“√ª√–¬ÿ°µå„™â „π‡§√◊ËÕß¡◊Õ
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