2. STATIKA KAI OMOGENH PEDIA

2.1 Eisagwgă

H melèth thc kÐnhshc fortÐwn mèsa se exwterikĹ hlektromagnhtikĹ pedÐa eÐnai èna kefĹlaio pou ja mporoÔse na apotelèsei mèroc twn majhmĹtwn thc Mhqanikăc ă/kai tou HlektromagnhtismoÔ. H kÐnhsh fortÐwn se exwterikĹ hlektrikĹ kai magnhtikĹ pedÐa mporeÐ na melethjeÐ me thn anĹlush thc exÐswshc (1.17), mìno ìtan ta exwterikĹ pedÐa eÐnai polÔ pio isqurĹ apì ta sullogikĹ pedÐa, ă isodÔnama, an h enèrgeia pou metafèroun ta pedÐa sta fortÐa eÐnai amelhtèa se sqèsh me thn olikă enèrgeia twn pedÐwn.

MÐa seirĹ apì efarmogèc epibĹlloun th leptomereiakă melèth thc kÐnhshc fortÐwn mèsa se exwterikĹ hlektromagnhtikĹ pedÐa. Merikèc apì autèc tic efarmogèc eÐnai: (1) KÐnhsh fortÐwn mèsa se mhqanèc sÔnthxhc (p.q. se magnhtikoÔc kajrèftec, Tokamak k.l.p). (2) KÐnhsh fortÐwn sto magnhtikì dÐpolo thc Ghc, twn planhtÿn, twn pĹlsarc k.l.p. (3) KÐnhsh fortÐwn mèsa se isqurĹ hlektromagnhtikĹ pedÐa (lasers, mikrokÔmata k.Ĺ.). (4) KÐnhsh fortÐwn mèsa se kÔmata kroÔshc kai turbÿdeic roèc. (5) KÐnhsh fortÐwn mèsa se epitaquntèc. (6) Kataskeuă kai melèth twn hlektronikÿn mikroskopÐwn.

H kÐnhsh fortÐou mèsa se hlektromagnhtikĹ pedÐa mporeÐ na melethjeÐ me bĹsh thn exÐswsh (1.17) (Neutÿnia Mhqanikă) ă me bĹsh thn analutikă dunamikă. H analutikă dunamikă sthrÐzetai stic sunartăseic Langrange kai Hamilton. Sth sunèqeia ja upologÐsoume tic sunartăseic autèc gia th kÐnhsh fortÐwn mèsa se hlektromagnhtikĹ pedÐa.

2.1.1 SunĹrthsh Langrange

H dÔnamh Lorentz diafèrei apì tic dunĹmeic Coulomb kai thc barÔthtac sto ìti eÐnai sunĹrthsh kai thc taqÔthtac. Ja deÐxoume sth sunèqeia ìti kai h dÔnamh Lorentz

F_{Lj} = q_j[E + v × B c ] proèrqetai apì genikeumèno dunamikì. O upologismìc tou dunamikoÔ mporeÐ na gÐnei me th boăjeia twn exisÿsewn Maxwell.

Apo thn exÐswsh (1.19) sumperaÐnoume ìti to magnhtikì pedÐo proèrqetai apì dianusmatikì dunamikì, dhladă,

B = ∇ × A, (2.1) opìte o nìmoc tou Faraday

∇ × E = − 1 c ∂B ∂t grĹfetai,

∇ × (E + 1 c ∂A ∂t ) = 0.

An h strofă enìc dianÔsmatoc eÐnai mhdèn tìte upĹrqei arijmhtikă sunĹrthsh φ tètoia ÿste E + 1 c ∂A ∂t = −∇φ ă E = −∇φ − 1 c ∂A ∂t (2.2)

ìpou φ eÐnai to hlektrostatikì dunamikì.

Me bĹsh ìla ta parapĹnw h dÔnamh Lorentz grĹfetai

F_{Lj} = −q_j∇φ − q_j c ∂A ∂t − q_j c [(∇ × A) × v].

Sumpairènoume ìti dÔnamh Lorentz proerqetai apo to dunamikì

F_{Lj} = q_j [ d dt ( ∂V ∂v ) − ( ∂V ∂x )]

ìpou

V = φ − v · A c kai U_j = q_jV eÐnai h dunamikă enèrgeia.

H sunĹrthsh Lagrange grĹfetai,

L_j = T_j − U_j =^{mj v2}_2 +^{qj}_c [v · A] − q_jφ. (2.3)

2.1 Eisagwgă 3

H sunĹrthsh Lagrange den exartĹtai apì to qrìno Ĺra h olikă enèrgeia tou fortÐou diathreÐtai stajerĹ E = 1 2 m_jv^2 + q_jφ.

To dianusmatikì dunamikì den emfanÐzetai sth olikă enèrgeia giatÐ o ìroc pou exartĹtai apì to magnhtikì pedÐo sthn dÔnamh Lorentz eÐnai kĹjetoc sthn taqÔthta.

Sto Ðdio sumpèrasma mporoÔme na ftĹsoume kai apì thn exÐswsh tou NeÔtwna. PolaplasiĹzontac kai ta dÔo mèlh thc exÐswshc (1.17) me thn taqÔthta èqoume

m_jv · dv dt = q_jv · F + q_j c [v · (v × B)] ă d(m_jv^2/2) dt = −q_jv · ∇φ.

KĹnontac qrăsh thc tautìthtac dφ dt = ∂φ ∂t + v · ∇φ

kai epeidă to hlektrostatikì dunamikì den exartĹtai apì to qrìno èqou- me d(m_jv^2/2 + q_jφ) dt = dE dt = 0.

Apì th sunĹrthsh Lagrange mporoÔme na upologÐsoume kai tic genikeumènec ormèc,

p_x =

∂L_j ∂v_x

= m_jv_x + q_jA_x (2.4)

p_y =

∂L_j ∂v_y

= m_jv_y + q_jA_y (2.5)

p_z =

∂L_j ∂v_z

= m_jv_z + q_jA_z. (2.6)

’Otan to fortÐo plhsiĹzei th taqÔthta tou fwtìc h sunĹrthsh Lagrange grĹfetai

L_j = −m_jc^2 √ 1 − (v/c)^2 + (q_j/c)v · A − q_jφ. (2.7)

(DeÐxte ìti gia fortÐa me taqÔthta v << c h sqetikistikă sunĹrthsh Lagrange proseggÐzei thn sunĹrthsh (2.3).)

2.1.2 SunĹrthsh Hamilton

Apì th sunĹrthsh Lagrange mporoÔme na upologÐsoume th sunĹrthsh tou Hamilton

H_j = p · v − L_j, (2.8) ìpou oi taqÔthtec ja upologÐzontai apì tic exisÿseic (2.4)-(2.6)

v_x = p_x − q_jA_x m_j

v_y = p_y − q_jA_y m_j

v_z = p_z − q_jA_z m_j . Antikajistÿntac tic taqÔthtec kai th sunĹrthsh Lagrange sthn exÐswsh (2.8) brÐskoume, metĹ apì algebrikèc prĹxeic, thn sunĹrthsh Hamilton gia thn kÐnhsh fortÐwn parousÐa hlekrtomagnhtikoÔ pedÐou.

H_j =^{(p−} qj c A)^2 2m_j + qjφ. (2.9)

H sunĹrthsh Hamilton gia fortÐa pou kinoÔntai me sqetikistikèc taqÔthtec (v ∼ c) paÐrnei th morfă

H_j = [c^2(p − q_jA/c)^2 + m^2_j c^4]^{1/2} + q_jφ. (2.10)

KĹnontac qrăsh thc exÐswshc (2.9) kai twn exisÿsewn kÐnhshc tou Hamilton

ẋ =

∂H_j ∂p , (2.11)

ṗ = −

∂H_j ∂x (2.12)

mporoÔme na upologÐsoume tic troqièc twn fortÐwn.

Stic paragrĹfouc pou akoloujoÔn ja meletăsoume thn kÐnhsh fortÐwn mèsa se proepilegmèna exwterikĹ hlektromagnhtikĹ pedÐa.

Prìblhma 2.1: DeÐxte ìti h exÐswsh Lagrange d dt ( ∂L_j ∂p ) − ( ∂L_j ∂x ) = 0 (2.13)

2.2 Statikì kai omogenèc hlektrikì pedÐo 5

katalăgei sthn exÐswsh (1.17),

m_j dv dt = q_j [ E(r, t) + v × B(r, t) c ] . LÔsh: SunduĹzontac tic exisÿseic (2.3) kai (2.13) ja katalăxoume sthn exÐswsh d dt (m_j v + q_j c A) − q_j c ( ∂(A · v) ∂x ) + q_j ∂φ ∂x = 0.

An antikatastăsoume th dianusmatikă parĹgwgo me to ∇ ∂ ∂x ≡ ∇ èqoume d dt (m_j v + q_j c A) − q_j c ∇(A · v) + q_j∇φ = 0.

KĹnontac qrăsh thc olikăc paragÿgou dA dt = ∂A ∂t + v · ∇A

kai thc dianusmatikăc tautìthtac

v × (∇ × A) = ∇(v · A) − (v · ∇)A èqoume

m_j dv dt = q_j[−∇φ − 1 c ∂A ∂t ] + q_j c [v × (∇ × A)].

Antikajistÿntac to hlektrikì kai magnhtikì pedÐo apì tic exisÿseic (2.1)-(2.2) katalăgoume sthn exÐswsh (1.17).

2.2 Statikì kai omogenèc hlektrikì pedÐo

Upojètoume ìti to exwterikì hlektrikì pedÐo eÐnai parĹllhlo ston Ĺxona Ox (E = E_0ê_x) enÿ to magnhtikì pedÐo eÐnai mhdèn (B = 0). H exÐswsh kÐnhshc tou fortÐou èqei th morfă

m_j dv dt = q_jE. (2.14)

Oloklhrÿnontac thn exÐswsh (2.14) èqoume v = v_0 + q_j m_j Et kai h kinhtikă enèrgeia tou fortÐou auxĹnei me to tetrĹgwno tou qrìnou (an v_0 = 0) E = q^2_j 2m_j

E^2_0 t^2. (2.15)

O rujmìc aÔxhshc thc ìlikăc enèrgeiac eÐnai anĹlogoc tou qrìnou dE dt = q^2_j E^2_0 m_j t. (2.16)

ParousiĹzei idiaÐtero endiafèron gia pollèc efarmogèc sto ergastărio kai to diĹsthma h melèth thc kÐnhshc hlektronÐou parousÐa statikoÔ kai omogenoÔc hlektrikoÔ pedÐou mèsa se omogenèc kai Ĺpeiro plĹsma puknìthtac n_0 kai jermokrasÐac T_e = T_i. Upojètoume ìti to plĹsma eÐnai se jermodunamikă isorropÐa. To hlektrìnio sugkroÔetai me ta iìnta kai qĹnei ormă me rujmì ν_{ei}m_ev, enÿ kerdÐzei enèrgeia (blèpe exÐswsh (2.15) sto qrìno pou mesolabeÐ metaxÔ twn sugkroÔsewn (mèsh eleÔjerh diadromă). H exÐswsh kÐnhshc katĹ măkoc thc dieÔjunshc tou hlektrikoÔ pedÐou (Ox) ja èqei th morfă

m_e dv dt = eE − ν_{ei}m_ev. (2.17)

An jewrăsoume ìti ìsh enèrgeia kerdÐzei to hlektrìnio apì to hlektrikì pedÐo, tìsh qĹnei kai apì stic sugkroÔseic, tìte dv/dt = 0 ă E = ν_{ei}m_ev/e, epeidă ν_{ei} = n_0πe^4/m^2v^3, èqoume E = n_0πe^3 mv^2

. (2.18)

LÔnontac thn exÐswsh (2.18) wc proc thn taqÔthta èqoume

v(E_0) = √ n_0πe^3 m_eE_0

= v_D(E) (2.19)

H taqÔthta aută onomĹzetai taqÔthta diafugăc v_D, giatÐ an v > v_D to fortÐo kerdÐzei metaxÔ dÔo diadoqikÿn sugkroÔsewn perissìterh enèrgeia apì aută pou qĹnei Ĺra suneqÿc epitaqÔnetai apì to hlektrikì pedÐo kai diafeÔgei twn sugroÔsewn (suneqăc epitĹqunsh katĹ măkoc tou hlektrikoÔ pedÐou).

An jèsoume v_D = V_e sthn exÐswsh (2.18), upologÐzoume to qarakthristikì pedÐo E_D,

E_D =^{n0πe3}_{mV 2e} , (2.20)

pou onomĹzetai pedÐo Dreicer, kai eÐnai to hlektrikì pedÐo pou apaiteÐtai gia na fidiafÔgounfl ta hlektrìnia me qarakthristikă taqÔthta Ðsh me th jermikă taqÔthta. Apì tic (2.18) kai (2.20) prokÔptei E E_D = V^2_e v^2_D

⇒ v_D = V_e · ( E_D E )_{1/2}

ă V_D = V_e √ E_D E . Epeidă to plĹsma brÐsketai se jermodunamikă isorropÐa kai h anĹlush eÐnai kata măkoc miĹc diĹstashc Ox h katanomă taqutătwn twn fortÐwn eÐnai h monodiĹstath katanomă Maxwell- Boltzmann

f_m(v) = n_0 √ m_e 2πk_BT_e e^{− mev} 2 2kB Te . (2.21)

To posostì twn fortÐwn pou fidiafeÔgeifl, gia kĹje timă tou hlektrikoÔ pedÐou E, upologÐzetai apì to oloklărwma n n_0 = ∫_∞

v_D

f_mdv.

An jèsoume E = E_D/4 tìte v_D = 2V_e kai n/n_0 = 10^{−3}.

2.3 Statikì kai omogenèc magnhtikì pedÐo

Meletăsame sto prohgoÔmeno kefĹlaio thn kÐnhsh fortÐou mèsa se stajerì kai omogenèc magnhtikì pedÐo (B = B_0e_z) apousÐa hlektrikoÔ pedÐou. DeÐxame ìti to fortÐo ekteleÐ elikoeidă troqiĹ, me stajerì băma, gÔrw apì tic magnhtikèc grammèc. An to diĹnusma thc taqÔthtac brÐsketai th qronikă stigmă t = 0 sto epÐpedo (xy) kai h taqÔthta katĹ măkoc tou magnhtikoÔ pedÐou eÐnai mhdèn (v_‖(t = 0) = 0) ă an metaferjoÔme se èna sÔsthma suntetagmènwn pou kineÐtai me stajeră taqÔthta Ðsh me thn taqÔthta tou fortÐou v_‖(t = 0) tìte to fortÐo ekteleÐ sto epÐpedo (xy) kuklikă troqiĹ me aktÐna r_L gÔrw apì èna sugkekrimèno shmeÐo, pou ja onomĹzoume odhgì kèntro. H olikă kinhtikă enèrgeia tou fortÐo ja eÐnai Ðsh me thn arqikă thc timă, E = 1 2 mv^2_⊥(t = 0)

giatÐ, ìpwc ădh èqoume deÐxei, h olikă enèrgeia diathreÐtai stajerĹ kata măkoc thc troqiĹc.

ParousiĹzei endifèron na meletăsoume thn kÐnhsh fortÐou mèsa se magnhtikì pedÐo apousÐa hlektrikoÔ pedÐou me thn boăjeia thc sunĹrthshc Hamilton. To dianusmatikì dunamikì pou perigrĹfei to stajerì magnhtikì pedÐo B = B_0ê_z ja eÐnai A = −B_0yê_x. H sunĹrthsh Hamilton grĹfetai

H_j = 1 2m_j

[(p_x + εΩ_jm_j y)^2 + p^2_y + p^2_z] (2.22)

ìpou ε = 1 gia ta iìnta kai ε = −1 gia ta hlektrìnia. H sunĹrthsh Hamilton eÐnai anexĹrthth apì tic jèseic x, z Ĺra prokÔptei amèswc apì tic exisÿseic Hamilton ìti oi ormèc p_x, p_z eÐnai oloklhrÿmata thc kÐnhshc. H sunĹrthsh Hamilton den exartĹtai rhtĹ apì to qrìno, Ĺra to H_j eÐnai epÐshc oloklărwma thc kÐnhshc. An jèsoume p_x = p_z = 0 kai H_j = E tìte h exÐswsh (2.22) grĹfetai,

2m_jE = Ω^2_j m^2_j y^2 + p^2_y ă y^2 a^2 + p^2_y b^2

= 1 (2.23)

ìpou a^2 = 2E/Ω^2_j m_j) kai b^2 = 2m_jE. Sto qÿro twn fĹsewn, to fortÐo diagrĹfei elleiptikă troqiĹ. Apì thn exÐswsh (2.23) upologÐzoume eÔkola th sumperiforĹ tou y(t) kai p_y(t) kai blèpoume ìti eÐnai anĹlogec me tic ekfrĹseic pou upologÐsame sthn parĹgrafo 1.5.

H melèth thc kÐnhshc tou fortÐou mèsa se hlektromagnhtikĹ pedÐa aplopoieÐtai shmantikĹ ìtan gÐnei me th boăjeia thc sunĹrthshc Hamilton. Katalăgoume eÔkola se mia seirĹ sumperĹsmata gia ta qarakthristikĹ thc troqiĹc qwrÐc na lÔsoume tic exisÿseic kÐnhshc (axiopoiÿntac ta oloklhrÿmata kÐnhshc).

H anĹlush thc kÐnhshc se pollĹ dunamikĹ sustămata dieukolÔnetai an dialèxoume to katĹllhlo sÔsthma suntetagmènwn (ìqi katĹ anĹgkhn adraneiakì). Gia parĹdeigma h kÐnhsh tou fortÐou se stajerì kai omogenèc magnhtikì pedÐo apousÐa exwterikoÔ hlektrikoÔ pedÐou eÐnai aploÔstath an metaferjoÔme se èna sÔsthma pou kineÐtai me stajeră taqÔthta (v_‖(t = 0)) katĹ măkoc tou Ĺxona Oz kai peristrèfetai me stajeră gwniakă taqÔthta Ω_j gÔrw apì ton Ðdio Ĺxona. To fortÐo sto nèo sÔsthma paramènei akÐnhto kai h lÔsh twn exisÿsewn kÐnhshc eÐnai tetrimmènh. H metaforĹ pÐsw sto adraneiakì sÔsthma gÐnetai me ton antÐstrofo metasqhmatismì suntetagmènwn. Ja epistrèyoume sto jèma ìtan ja meletăsoume thn mh grammikă allhlepÐdrash fortÐou kÔmatoc sto KefĹlaio .....

Prìblhma 2.2: Meletăste thn kÐnhsh hlektronÐou mèsa se stajerì kai omogenèc magnhtikì pedÐo apousÐa hlektrikoÔ pedÐou, parousÐa omogenoÔc plĹsmatoc puknìthtac n_0 kai jermokrasÐac T_e = T_i. To plasma brÐsketai se katĹstash jermodunamikăc isorropÐac kai ekteÐnetai sto Ĺpeiro.

LÔsh: H exÐswsh kÐnhshc tou hlektronÐou ja èqei th morfă

m_e dv dt = − e c [v × B] − ν_{ei}m_ev.

Upojètoume ìti se kĹje sÔgkroush hlektronÐou-iìntoc qĹnetai ormă anĹlogh tou ∼ m_ev. Akoloujÿntac ta bămata pou mac odăghsan stic exisÿseic (1.55)-(1.56) èqoume

v̈_x + ν_{ei}v̇_x + Ω^2_e v_x = 0 (2.24)

v̈_y + ν_{ei}v̇_y + Ω^2_e v_y = 0. (2.25)

Oi diaforikèc exisÿseic (2.24)-(2.25) perigrĹfoun armonikă talĹntwsh me antÐstash. H dÔnamh pou prokaloÔn oi sugkroÔseic (−m_j vν_{ei}) den proèrqetai apì dunamikì. Upojètoume ìti h puknìthta tou plĹsmatoc kai h jermokrasÐa eÐnai tètoiec ÿste ν_{ei} << Ω_e (gia parĹdeigma sto hliakì stèmma n_0 ≈ 10^{10}cm^{−3}, B_0 = 100G kai T_e ≈ 100eV èqoume ν_{ei} ≈ 30sec^{−1} << Ω_e ≈ 10^9sec^{−1}). An anazhtăsoume stic exisÿseic (2.24)-(2.25) lÔseic thc morfăc

v_x = v_{x0}e^{iωt} (2.26)

èqoume

−ω^2 + iν_{ei}ω + Ω^2_e = 0 (2.27)

gia ν_{ei} = 0 brÐskoume th gnwstă mac lÔsh ω = Ω_e. Sth sunèqeia upojètoume ìti (1) ω = ω_r + iγ, ìpou ω_r eÐnai to pragmatikì mèroc thc talĹntwshc (pou sÔmfwna me ìsa eÐpame mèqri tÿra eÐnai polÔ kontĹ sto Ω_e) kai γ to fantastikì kai (2) ω_r >> γ, ja èqoume −(ω^2_r + 2iγν_{ei}) + i(ω_r + iγ)ν_{ei} + Ω^2_e = 0.

LÔnontac sth sunèqeia th migadikă exÐswsh upologÐzoume to pragmatikì kai fantastikì mèroc thc suqnìthtac ω,

ω^2_r = Ω^2_e − γν_{ei} ≈ Ω^2_e kai γ = ν_{ei}/2 ă ω = Ω_e + i(ν_{ei}/2). Antikajistÿntac to ω sthn exÐswsh (2.26) ja èqoume

v_x = v_{x0}e^{νeit/2}e^{iΩet} ìmoia gia to v_y ja èqoume

v_y = v_{y0}e^{νeit/2}e^{iΩet}.

H taqÔthta tou hlektronÐou akoloujeÐ mia fjÐnousa armonikă talĹntwsh, enÿ h olikă tou enèrgeia E = 1 2 m_e|v|^2 = 1 2 m_ev_0e^{νeit}.

SumperaÐnoume ìti to hlektrìnio qĹnei me polÔ argoÔc rujmoÔc (τ ∼ 1/ν_{ei}) enèrgeia h opoÐa metafèretai sta iìnta mèsw twn sugkroÔsewn.

2.4 Magnhtikă ropă EĹn to fortÐo èqei arqikĹ taqÔthta v_‖ = 0, to magnhtikì pedÐo pou dhmiourgeÐtai apì thn kÐnhsă tou mèsa sto stajerì magnhtikì pedÐo èqei magnhtikă ropă μ_m = IS/c, ìpou I eÐnai to reÔma pou dhmiourgeÐ to peristrefìmeno fortÐo (I = qΩ_j /2π) kai S eÐnai h epifĹneia pou perikleÐei to reÔma (S = πr^2_{Lj}). Antikajistÿntac to S kai I sthn exÐswsh thc magnhtikăc ropăc kai paÐrnontac upìyh ìti to r_{Lj} = v_⊥/Ω_j upologÐzoume th magnhtikă ropă

μ_{mj} =^{mj v2⊥/2}_{B0} (2.28) ă se dianusmatikă morfă μ_{mj} = (q_j /2c)(r_{Lj} × v) (2.29) H magnhtikă ropă (2.28) paÐzei polÔ shmantikì rìlo sth melèth thc kÐnhshc fortÐwn mèsa se anomoiogenă magnhtikĹ pedÐa kai ja apodeÐxoume argìtera ìti eÐnai mia katĹ prosèggish stajeră thc kÐnhshc (adiabatikă analloÐwth).

2.5 OlÐsjhsh se statikì kai omogenèc magnhtikì pedÐo

Upojètoume ìti to omogenèc kai statikì exwterikì magnhtikì pedÐo èqei th dieÔjunsh tou Ĺxona Oz, enÿ sto fortÐo efarmìzetai mia stajeră dÔnamh F . H exÐswsh thc kÐnhshc tou fortÐou grĹfetai

m_j(dv/dt) = (q_j /c)(v × B) + F . (2.30) AnalÔontac thn dianusmatikă exÐswsh (2.30) sth parĹllhlh kai kĹjeth sunistÿsa tou tou magnhtikoÔ pedÐou èqoume,

m_j(dv_‖/dt) = F_‖ (2.31) kai m_j(dv_⊥/dt) = (q_jB_0/c)(v_⊥ × e_z) + F_⊥. (2.32)

AnalÔontac epÐshc thn taqÔthta v_⊥ se dÔo sunistÿsec v_⊥ = u + w^F_{Dj} , ìpou

w^F_{Dj} = (c/q_j)(F × B)/B^2_0 (2.33) kai antikajistÿntac thn sthn exÐswsh (2.32) brÐskoume ìti m_j(du/dt) = (q_j /c)(u × B) (2.34) dhladă to fortÐo ekteleÐ mÐa kuklikă periodikă troqiĹ (an v_‖ = F_‖ = 0) se èna sÔsthma anaforĹc pou kineÐtai me stajeră taqÔthta w^F_{Dj}. H taqÔthta w^F_{Dj} onomĹzetai taqÔthta olÐsjhshc kai genikĹ exartĹtai apì to fortÐo tou swmatidÐou. To odhgì kèntro kineÐtai me taqÔthta w^F_{Dj} (Sq. 2.1). H kÐnhsh tou odhgoÔ kèntrou faÐnetai na mhn akoloujeÐ touc nìmouc tou NeÔtwna kai na antidrĹ diaforetikĹ stic exwterikèc dunĹmeic F_‖ kai F_⊥. EpitaqÔnetai katĹ măkoc twn magnhtikÿn grammÿn kai kineÐtai me stajeră taqÔthta kĹjeta proc tic dunamikèc grammèc.

DÔo eÐdh stajerÿn exwterikÿn dunĹmewn èqoun idiaÐtero endiafèron sth fÔsh: (1) to stajerì exwterikì hlektrikì pedÐo (F_j = q_jE) kai

Sqăma 2.1. KÐnhsh fortÐou mèsa se stajerì magnhtikì pedÐo kai stajerì hlektrikì pedÐo kĹjeto sto magnhtikì pedÐo. To fortÐo ekteleÐ parĹllhla dÔo kinăseic, mÐa periodikă gÔrw apì to odhgì kèntro kai mÐa olÐsjhsh mazÐ me to odhgì kèntro me stajeră taqÔthta w^E_{Dj} .

(2) to pedÐo barÔthtac (F_j = m_jg). H taqÔthta olÐsjhshc tou fortÐou mèsa se stajerì hlektrikì pedÐo eÐnai

w^E_D = c(E × B)/B^2_0 . (2.35)

ParathroÔme ìti sthn perÐptwsh aută ta hlektrìnia kai ta iìnta kinoÔntai me thn Ðdia taqÔthta. An sto plĹsma efarmosjeÐ èna statikì kai omogenèc hlektriì pedÐo, mporoÔme na metaferjoÔme se èna nèo sÔsthma anaforĹc (pou kineÐtai me taqÔthta w^E_D), sto opoÐo to hlektrikì pedÐo na eÐnai mhdèn.

H taqÔthta olÐsjhshc mèsa sto pedÐo barÔthtac paÐrnei th morfă

w^g_{Dj} = (cm_j/q_j)(g × B_0)/B^2_0 , (2.36)

ìpou g eÐnai h epitĹqunsh thc barÔthtac. Sthn perÐptwsh aută ta hlektrìnia kai ta iìnta kinoÔntai me diaforetikèc taqÔthtec kai dhmiourgoÔn reÔma puknìthtac J = n_0e(w^g_{Dj} − w^g_{De}). Ta reÔmata autĹ diegeÐroun th barutikă astĹjeia sto plĹsma allĹ sto jèma autì ja epanèljoume sto pèmpto kefĹlaio.

PROBLHMATA

2.1. GrĹyte thn exÐswsh kÐnhshc twn fortÐwn se sqetikistikă morfă kai upologÐste thn kÐnhsh enìc fortÐou mèsa se statikì kai omogenèc magnhtikì pedÐo. UpĹrqei diaforĹ apì tic gnwstèc mh sqetikistikèc lÔseic?

2.2. DeÐxte ìti katĹ thn kÐnhsh enìc fortÐou q mèsa se omogenèc kai anexĹrthto tou qrìnou hlektrikì kai magnhtikì pedÐo, to hlektrikì pedÐo mporeÐ na gÐnei mhdèn se èna sÔsthma suntetagmènwn pou kineÐtai me taqÔthta v = (E × B)/B^2, ìpou v/c << 1. ApodeÐxte ìti o metasqhmatismìc autìc den ephreĹzei to magnhtikì pedÐo.

2.3. KatĹ thn kÐnhsh enìc fortÐou mèsa se omogenèc kai anexĹrthto tou qrìnou hlektrikì kai magnhtikì pedÐo èqoume:(1) ’Otan to B = 0, to hlektrikì pedÐo prokaleÐ epitĹqunsh parĹllhlh proc autì enÿ antÐjeta, (2) ìtan to B ≠ 0, prokaleÐtai olÐsjhsh egkĹrsia proc to hlektrikì pedÐo. Pÿc sumbibĹzontai autèc oi duo diaforetikèc morfèc kÐnhshc, ìtan B → 0?

2.4. Sthn ionìsfaira thc Găc to plĹsma apoteleÐte apì hlektrìnia kai prwtìnia. To magnhtikì pedÐo ston ishmerinì eÐnai perÐpou Ðso me 3 × 10^{−5}T . Pìso grăgora kinoÔntai ta fortÐa lìgo thc barutikăc olÐsjhshc? Proc poia dieÔjunsh kinoÔntai ta fortÐa?