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Ïðîâåäåíî îãëÿä îñíîâíèõ àïðîêñèìàöiéíèõ çàëåæíîñòåé äëÿ içîñêàëÿðíèõ åëåêòðè÷íèõ
ôîðìôàêòîðiâ ïðîòîíà GEp i íåéòðîíà GEn. Ïðîàíàëiçîâàíî îñîáëèâîñòi ¨õ îòðèìàííÿ é íà-
ñòóïíîãî çàñòîñóâàííÿ äëÿ àïðîêñèìàöi¨ çà åêñïåðèìåíòàëüíèìè äàíèìè. Îïèñàíî îñíîâíi åêñ-
ïåðèìåíòàëüíi âiäîìîñòi íóêëîííèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ. Âèêîðèñòîâóþ÷è àïðîêñèìà-
öiéíi çàëåæíîñòi öüîãî îãëÿäó, îòðèìàëè âiäïîâiäíi ïàðàìåòðè äëÿ åëåêòðè÷íèõ ôîðìôàêòîðiâ
íóêëîíiâ GEp i GEn. Çäåáiëüøîãî âîíè çàãàëîì äîñèòü äîáðå îïèñóþòü åêñïåðèìåíòàëüíi äàíi.
Íàéêðàùèìè ïàðàìåòðèçàöiÿìè äëÿ îïèñó åêñïåðèìåíòàëüíèõ äàíèõ åëåêòðè÷íîãî ôîðìôà-
êòîðà ïðîòîíà GEp ¹ çàïèñè ó âèãëÿäi ïîëiíîìà òà âiäíîøåííÿ ïîëiíîìiâ. Åêñïåðèìåíòàëüíi
âèìiðþâàííÿ åëåêòðè÷íîãî ôîðìôàêòîðà íåéòðîíà GEn íàéêðàùå îïèñó¹ ïàðàìåòðèçàöiÿ �àë-
ñòåðà. ßêiñòü àïðîêñèìàöi¨ åëåêòðè÷íèõ ôîðìôàêòîðiâ íóêëîíiâ êîíòðîëþ¹ìî âèçíà÷åííÿì
çàðÿäîâèõ ðàäióñiâ ïðîòîíà rEp i íåéòðîíà rEn. Çà àïðîêñèìàöiéíèìè çàëåæíîñòÿìè íóêëîí-
íèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ i õâèëüîâèìè ôóíêöiÿìè äåéòðîíà â êîîðäèíàòíîìó çîáðà-
æåííi äëÿ ïîòåíöiàëiâ Reid93 i CD-Bonn òà ìîäåëi DDM ðîçðàõîâàíî çàðÿäîâèé ôîðìôàêòîð
äåéòðîíà GC(p). Òåîðåòè÷íi çíà÷åííÿ ôîðìôàêòîðà GC(p) ïîðiâíÿëè ç åêñïåðèìåíòàëüíèìè
äàíèìè ïðîâiäíèõ êîëàáîðàöié òà îãëÿäiâ. Çàëåæíî âiä âèáîðó íóêëîííèõ åëåêòðè÷íèõ ôîðì-
ôàêòîðiâ âòîðèííèé ìàêñèìóì äëÿ çàðÿäîâîãî ôîðìôàêòîðà äåéòðîíà GC(p) ðîçòàøîâàíèé
äëÿ ïîòåíöiàëó Reid93 â iíòåðâàëi iìïóëüñiâ p = 5.60 − 5.80 fm−1, äëÿ ïîòåíöiàëó CD-Bonn çà
p = 6.00 − 6.40 fm−1 i äëÿ ìîäåëi DDM çà p = 5.45 − 5.65 fm−1. Ïîçèöiÿ íóëÿ ðîçòàøîâàíà
çà iìïóëüñiâ p0 = 4.60 fm−1 äëÿ ïîòåíöiàëó Reid93, p0 = 5.05 fm−1 äëÿ ïîòåíöiàëó CD-Bonn i
p0 = 4.45 fm−1 äëÿ ìîäåëi DDM. Îòðèìàíi ÷èñåëüíi çíà÷åííÿ ñåðåäíüîêâàäðàòè÷íîãî çàðÿäî-
âîãî rch i ñòðóêòóðíîãî rstr ðàäióñiâ äåéòðîíà äîáðå óçãîäæó¹òüñÿ ç ðåçóëüòàòàìè åêñïåðèìåí-
òàëüíèõ òà iíøèõ òåîðåòè÷íèõ äàíèõ. Âèêîðèñòîâóþ÷è îòðèìàíi ïàðàìåòðè àïðîêñèìàöiéíèõ
çàëåæíîñòåé äëÿ içîñêàëÿðíèõ íóêëîííèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ òà âiäîìi ìàãíiòíi íó-
êëîííi ôîðìôàêòîðè, ó íàñòóïíèõ äîñëiäæåííÿõ ìîæíà ïðîâåñòè ðîçðàõóíêè ñòðóêòóðíèõ
ôóíêöié A(p), B(p), êîìïîíåíò òåíçîðíî¨ i âåêòîðíî¨ äåéòðîííèõ ïîëÿðèçàöié tij(p), òåíçîðíî¨
àíàëiçóþ÷î¨ çäàòíîñòi Ayy òà iíøèõ ïîëÿðèçàöiéíèõ ñïîñòåðåæóâàíèõ..
Êëþ÷îâi ñëîâà: íóêëîí, äåéòðîí, ôîðìôàêòîð, ðàäióñ, õâèëüîâà ôóíêöiÿ, àïðîêñèìàöiÿ.
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I. ÂÑÒÓÏ

Äåéòðîí, ÿê äâîíóêëîííèé çâ'ÿçàíèé ñòàí äëÿ íåé-
òðîíà i ïðîòîíà, ¹ íàéïðîñòiøîþ äâî÷àñòèíêîâîþ ñè-
ñòåìîþ â ïðàêòè÷íèõ çàäà÷àõ ÿäåðíî¨ ôiçèêè. Òàêà
ïðîñòà ìàëîíóêëîííà ñèñòåìà äîçâîëÿ¹ ëiïøå çðîçó-
ìiòè íóêëîí-íóêëîííó âçà¹ìîäiþ, ïðîöåñè ðîçñiÿííÿ
äåéòðîíà é åëåêòðîìàãíiòíó ñòðóêòóðó äåéòðîíà. Âè-
ìiðþâàííÿ åëåêòðîìàãíiòíèõ õàðàêòåðèñòèê äåéòðî-
íà òà ¨õí¹ òåîðåòè÷íå ïåðåäáà÷åííÿ ¹ íåîöiíåííèìè
äëÿ âèâ÷åííÿ âíóòðiøíüî¨ ñòðóêòóðè äåéòðîíà.
Åëåêòðîìàãíiòíó ñòðóêòóðó äåéòðîíà ñïîñòåði-

ãà¹ìî é âèìiðþ¹ìî ïiä ÷àñ ïðóæíîãî åëåêòðîí-
äåéòðîííîãî ðîçñiÿííÿ. �¨ îïèñó¹ìî íàáîðîì òðüîõ
ôîðìôàêòîðiâ GC(p), GQ(p) òà GM(p), ÿêi ¹ åëåêòðè-
÷íèì ìîíîïîëüíèì (çàðÿäîâèì), åëåêòðè÷íèì êâà-
äðóïîëüíèì òà ìàãíiòíèì äèïîëüíèì ðîçïîäiëàìè
äåéòðîíà âiäïîâiäíî â çîáðàæåííi êâàäðàòà ïåðåäà-
íîãî iìïóëüñó p2 [1, 2].
Çàðÿäîâèé ôîðìôàêòîð äåéòðîíà GC(p) ¹ ñêëà-

äîâîþ ÷àñòèíîþ äëÿ ôóíêöi¨ åëåêòðè÷íî¨ ñòðóêòó-
ðè A(p). Çà âiäîìîãî çíà÷åííÿ ôîðìôàêòîðà GC(p)
ìîæíà îá÷èñëèòè òàêi âåëè÷èíè, ÿê òåíçîðíó t20 i
âåêòîðíó t11 äåéòðîííó ïîëÿðèçàöi¨ äëÿ åëåêòðîí-
äåéòðîííîãî ðîçñiÿííÿ [2], òåíçîðíó àíàëiçóþ÷ó çäà-
òíiñòü Àóó â íåïðóæíîìó ðîçñiÿííi äåéòðîíà â ìå-
æàõ ìîäåëi îáìiíó ω-ìåçîíîì [3], âåêòîðíi é òåí-
çîðíi êîåôiöi¹íòè ïåðåäà÷i ïîëÿðèçàöi¨ äëÿ ïðîöåñó
d+ p→ d+X â σ- i ω- îáìiííèõ ìîäåëÿõ [4], à òàêîæ
êîåôiöi¹íòè ñïiíîâî¨ êîðåëÿöi¨ òà òåíçîðíi àñèìåòði¨
â ëåïòîí�äåéòðîííîìó ðîçñiÿííi â íàáëèæåííi íóëüî-
âî¨ ìàñè ëåïòîíà [5], âåêòîðíi é òåíçîðíi àñèìåòði¨ ed-
ðîçñiÿííÿ â Áîðíiâñüêîìó íàáëèæåííi [6].

Àêòóàëüíå äîñi òåîðåòè÷íå äîñëiäæåííÿ âåëè÷èíè
çàðÿäîâîãî ôîðìôàêòîðà GC(p) â ïðóæíiì åëåêòðîí-
äåéòðîííiì ðîçñiÿííi iç çàñòîñóâàííÿì ñó÷àñíèõ òåî-
ðåòè÷íèõ ïiäõîäiâ òà àïðîêñèìàöié [2, 7�11]. Êðiì öüî-
ãî, âðàõîâóþ÷è ïðÿìó çàëåæíiñòü çàðÿäîâîãî ôîðì-
ôàêòîðà äåéòðîíà âiä içîñêàëÿðíèõ åëåêòðè÷íèõ
ôîðìôàêòîðiâ ïðîòîíà é íåéòðîíà, ìîæíà îòðèìàòè
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Â. I. ÆÀÁÀ

òàêi àïðîêñèìàöiéíi çàëåæíîñòi äëÿ îñòàííiõ, ÿêi á
äîçâîëèëè îõîïèòè ÿêîìîãà áiëüøó ÷àñòèíó íàÿâíèõ
ó íàóêîâié ëiòåðàòóði åêñïåðèìåíòàëüíèõ äàíèõ.
Ó öié ïðàöi äëÿ òåîðåòè÷íèõ ðîçðàõóíêiâ çàðÿäî-

âîãî ôîðìôàêòîðà äåéòðîíà GC(p) çàñòîñîâàíî àíà-
ëiòè÷íi ôîðìè õâèëüîâî¨ ôóíêöi¨ äåéòðîíà (ÕÔÄ)
â êîîðäèíàòíîìó çîáðàæåííi é àïðîêñèìàöiéíi çàëå-
æíîñòi äëÿ içîñêàëÿðíèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ
ïðîòîíà i íåéòðîíà. Äëÿ ÷èñåëüíèõ îá÷èñëåíü âèêî-
ðèñòàíî íóêëîí-íóêëîííèé ðåàëiñòè÷íèé ôåíîìåíî-
ëîãi÷íèé ïîòåíöiàë Íåéìå åíñüêî¨ ãðóïè Reid93 [12,
13], çàðÿäîâî-çàëåæíèé ïîòåíöiàë (�charge-dependent
Bonn�-CD-Bonn) [14]) i �îäÿãíåíó� äèáàðiîííó ìîäåëü
(DDM) [15].

II. ÇÀÐßÄÎÂÈÉ ÔÎÐÌÔÀÊÒÎÐ ÄÅÉÒÐÎÍÀ

Çàðÿäîâèé GC(p), êâàäðóïîëüíèé GQ(p) i ìàãíi-
òíèé GM(p) ôîðìôàêòîðè äåéòðîíà ìiñòÿòü iíôîðìà-
öiþ ïðî åëåêòðîìàãíiòíi âëàñòèâîñòi äåéòðîíà [2, 16]:

GC = GENDC; (1)

GQ = GENDQ; (2)

GM =
mD

2mp
(GMNDM +GENDE) . (3)

Òóò ÷àñòèíêîâi ôîðìôàêòîðè Di âèçíà÷à¹ìî ÷åðåç
ðàäiàëüíi ÕÔÄ â êîîðäèíàòíîìó çîáðàæåííi u(r) i
w(r) äëÿ S- i D-ñòàíiâ. Çîêðåìà, ìîíîïîëüíèé åëå-
êòðè÷íèé ôîðìôàêòîð çàïèñó¹ìî ÿê

DC =

∞∫
0

[
u2 + w2

]
j0 dr. (4)

äå j0 � ñôåðè÷íà ôóíêöiÿ Áåññåëÿ íóëüîâîãî ïîðÿäêó
âiä àðãóìåíòó pr/2. Ó ôîðìóëàõ (1)-(3) âèêîðèñòàíî
òàêi ïîçíà÷åííÿ: md, mp � ìàñè äåéòðîíà i ïðîòîíà
âiäïîâiäíî; GEN = GEp + GEN; GMN = GMp + GMn �
içîñêàëÿðíi åëåêòðè÷íèé i ìàãíiòíèé íóêëîííi ôîðì-
ôàêòîðè âiäïîâiäíî, äå GEp i GEN � ïðîòîííèé i
íåéòðîííèé içîñêàëÿðíèé åëåêòðè÷íèé ôîðìôàêòî-
ðè; GMp i GMn � ïðîòîííèé i íåéòðîííèé içîñêàëÿð-
íèé ìàãíiòíèé ôîðìôàêòîðè.
Îòæå, çàðÿäîâèé ôîðìôàêòîð äåéòðîíà âèçíà÷à¹-

ìî çà ÕÔÄ â êîîðäèíàòíîìó ïðåäñòàâëåííi òà ïðîòîí-
íîìó i íåéòðîííîìó içîñêàëÿðíèõ åëåêòðè÷íèõ ôîðì-
ôàêòîðàõ:

GC = f (u,w;GEp, GEN) .

Åêñïåðèìåíòàëüíi äàíi äëÿ çàðÿäîâîãî ôîðìôàêòî-
ðà GC(p) âiä 1966 äî 2016 ðð. íàâåäåíî â ðîáîòàõ êî-
ëàáîðàöié Orsay [17], Bates [18, 19], JLab [20], NIKHEF
[21], VEPP3 [22�24], BLAST [25, 26] òà îãëÿäiâ Boden
[27], Garcon [19] i Abbott [7].

III. ÔÎÐÌÔÀÊÒÎÐÈ ÍÓÊËÎÍIÂ

Ó [28] áóëè ïðîàíàëiçîâàíi òà ñèñòåìàòèçîâàíi
îñíîâíi ìîäåëi íóêëîííèõ ôîðìôàêòîðiâ. Äî íèõ íà-
ëåæàòü ãðóïè ç êîíôîðìíèìè ïðèñòîñóâàííÿìè äëÿ
ôîðìóâàííÿ ôàêòîðiâ, ìîäåëi äîìiíóâàííÿ âåêòîðíèõ
ìåçîíiâ, äèñïåðñiéíi àíàëiçè, ñêëàäîâi ìîäåëi êâàðêiâ
òà ìîäåëi ïiîííèõ õìàð. Òàêîæ óâðàõîâàíî ïîïåðå÷íi
ùiëüíîñòi òà âiäïîâiäíiñòü òåîðiÿì áiëüø âèñîêèõ ðîç-
ìiðiâ.
Ðîçãëÿíüìî åëåêòðè÷íi ôîðìôàêòîðè äëÿ íåéòðî-

íà i ïðîòîíà. Â îãëÿäàõ [29, 30] ïðèâåäåíî ï'ÿòü ìî-
äåëåé åëåêòðîìàãíiòíèõ íóêëîííèõ ôîðìôàêòîðiâ:
1) îðèãiíàëüíå äèïîëüíå íàáëèæåííÿ (DFF) [31]:

GEp = GD; GEN = 0; (5)

2) ìîäèôiêîâàíå äèïîëüíå íàáëèæåííÿ (MDFF1):

GEp =
(
1− 0.13

(
p2 − 0.04

))
GD;

(6)

GEN = − µnη

1 + 5.6η
GD;

3) ìîäèôiêîâàíå äèïîëüíå íàáëèæåííÿ (MDFF2):

GEp =
(
1− 0.13

(
p2 − 0.04

))
GD;

(7)

GEN = − µnη

1 + 5.6η
GEp;

4) ìîäåëü ðåëÿòèâiñòñüêîãî ãàðìîíi÷íîãî îñöèëÿòî-
ðà (RHOM) íà îñíîâi êâàðêîâî¨ ìîäåëi ç ðåëÿòèâiñò-
ñüêèì îñöèëÿòîðíèì ïîòåíöiàëîì [30, 32]:

GEp = I(3); GEN = p2/2m2
DI

(3), (8)

äå âåëè÷èíà I(3) çàäàíà ÿê
I(3) = 1

1+p2/2m2
D

exp
{

1
2×0.42

−p2
1+p2/2m2

D

}
;

5) 9-ðåçîíàíñíà U&A íóêëîííà ìîäåëü iç 12 âiëüíèõ
ïàðàìåòðiâ [33].
Òóò íóêëîííèé ôîðìôàêòîð ïðåäñòàâëÿþòü ó ôîð-

ìi äèïîëÿ [31] äëÿ ðîçìiðíîñòåé ïåðåäàíîãî iìïóëüñó
â îäèíèöÿõ [GeV/c] àáî [fm−1]

GD(p2) =

(
1 +

p2

0.71(GeV/c)2

)−2
=

(
1 +

p2

18.235 fm−2

)−2
, (9)

à µn = −1.9130 � öå ìàãíiòíèé íåéòðîííèé ìîìåíò â ÿäåðíèõ ìàãíåòîíàõ.
Ó [34] ïðèâåäåíî ùå îäèí ìîäåëüíèé içîñêàëÿðíèé åëåêòðè÷íèé ôîðìôàêòîð ó âèãëÿäi GEN =

1
(1+p2/M2

e )
2 ïðè Me = 3.8 fm−1.
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Åêñïåðèìåíòàëüíi âèìiðè êîëàáîðàöi¨ JLab íåéòðîííîãî i ïðîòîííîãî çàðÿäîâîãî ôîðìôàêòîðà ñâiä÷àòü, ùî
içîñêàëÿðíèé åëåêòðè÷íèé ôîðìôàêòîð ìîæå áóòè äîáðå àïðîêñèìîâàíî çà äîïîìîãîþ âèðàçó [2]

GEN = GEN +GEp =

(
1.91η

1 + 5.6η
+ (1.0− 0.1262p2)

)
GD. (10)

Òîáòî â [2] åëåêòðè÷íèé ôîðìôàêòîð ïðîòîíà çî-
áðàæåíèé ó âèãëÿäi ïîëiíîìà:

GEp = (1 + a1p
2)GD. (11)

Ó [35] çðîáëåíî îãëÿä ïàðàìåòðèçàöié äëÿ íåéòðîí-
íîãî içîñêàëÿðíîãî åëåêòðè÷íîãî ôîðìôàêòîðà GEn.
Çîêðåìà, çãàäàíà ïàðàìåòðèçàöiÿ �àëñòåðà [36] ó ôîð-
ìi

GEN = − aµnη

1 + bη
GD, (12)

äå âêàçàíi ïàðè ïàðàìåòðiâ ÿê (a; b) =
(1.0; 5.6), (1.25; 18.3), (1.0; 3.4).
Òàêîæ âàæëèâî âiäìiòèòè ìîäåëü äîìiíóâàííÿ âå-

êòîðíîãî ìåçîíà (VMDM) [37] ç óðàõóâàííÿì ïàðàìå-
òðiâ ïîâíî¨ ìîäåëi �àði�Êðóìïåëüìàíà [38]:

GEp,n = F p,n
1 − p2

4m2
N

F p,n
2 ; (13)

äå F p,n
1 , F p,n

2 � ôîðìôàêòîðè Äiðàêà é Ïàóëi äëÿ ïðî-
òîíà é íåéòðîíà.
Äî àïðîêñèìàöié íóêëîííèõ åëåêòðè÷íèõ ôîðìôà-

êòîðiâ òàêîæ âiäíîñÿòü òàêi:
• Kelly ïàðàìåòðèçàöiÿ [39]

GEp =

n∑
k=0

akτ
k

1 +
n+2∑
k=1

bkτk
; GEN =

Aτ

1 +Bτ
GD; (14)

• åìïiðè÷íà ïiäãîíêà äëÿ íóêëîííèõ åëåêòðîìàãíi-
òíèõ ôîðìôàêòîðiâ [40]

GEp =
1

1 +
4∑
k=1

akpk
; GEN =

−aµnτ

1 + bτ
GD (15)

• i Bradford ïàðàìåòðèçàöiÿ [41]

GX =

n∑
k=0

akτ
k

1 +
∑
k=1

bkτk
; (16)

äå X={Ep, En}; τ = p2

4m2
p
.

Ó [42] ïîäàíî ôåíîìåíîëîãi÷íèé ïiäõiä äëÿ ïàðà-
ìåòðèçàöi¨ ôîðìôàêòîðiâ ó âèãëÿäi ñóìè ïîäâiéíîãî

äèïîëÿ i äâîõ  àóññiàíiâ (ïàðàìåòðèçàöiÿ Ôðiäðiõà�
Âàëü÷åðà):

GN = Gs + abp
2Gb; (17)

äå Gs = a10
(1+p2/a11)2

+ a20
(1+p2/a21)2

; Gb =

exp

{
− 1

2

(
p−pb
σb

)2}
+ exp

{
− 1

2

(
p+pb
σb

)2}
.

Çãàäàéìî åôåêòèâíiñòü çàñòîñóâàííÿ ïàðàìåòðèçà-
öi¨ ôîðìôàêòîðà ïðîòîíà çãiäíî ç [43, 44]

GEp =
a1

1 + a2p2
+

1− a1
1 + a3p2

. (18)

Òàêîæ íåîáõiäíî ïiäêðåñëèòè (âêàçàòè íà) ïàðàìå-
òðèçàöiþ äâîìà äèïîëÿìè, ùî âèêîðèñòàíà, íàïðè-
êëàä, äëÿ àïðîêñèìàöi¨ åêñïåðèìåíòàëüíèõ äàíèõ åêñ-
ïåðèìåíòiâ iç ïîäâiéíîþ ïîëÿðèçàöi¹þ äëÿ âèçíà÷åí-
íÿ åëåêòðè÷íîãî ôîðìôàêòîðà íåéòðîíà [45]

GEN =
∑
i=1,2

ai

(1 + p2/bi)
2 . (19)

Ôàêòè÷íî ôîðìà (19) áóëà çàïðîïîíîâàíà â ðîáîòi
[46] äëÿ

GEN =

[
1 +

p2

12
(R2

av − 0.06)

]−2

−
[
1 +

p2

12
(R2

av + 0.06)

]−2
,

äå Rav � ñåðåäíié ðàäióñ.
Îòæå, íóêëîííi åëåêòðè÷íi ôîðìôàêòîðè ïðåä-

ñòàâëÿþòüñÿ çà äîïîìîãîþ òåîðåòè÷íèõ ìîäåëåé àáî
àïðîêñèìàöié åêñïåðèìåíòàëüíèõ äàíèõ.
Ó òàáë. 1 i 2 íàâåäåíî åêñïåðèìåíòàëüíi âiäîìîñòi

ïðî åëåêòðè÷íi ôîðìôàêòîðè ïðîòîíà é íåéòðîíà âiä-
ïîâiäíî. Óêàçàíî êîëàáîðàöi¨, ÿêi ïðîâîäèëè åêñïå-
ðèìåíòàëüíi äîñëiäæåííÿ, à òàêîæ ïðîöåñ (åëåêòðîí-
ïðîòîííå, åëåêòðîí-äåéòðîííå ðîçñiÿííÿ, ïðîöåñè ç
ïîëÿðèçîâàíèìè òà íåïîëÿðèçîâàíèìè ïó÷êàìè i ìi-
øåíÿìè: 2H(e, e′n)p, 2H(e, e′n)p, 3He(e, e′n)pp òà ií.)
àáî ìåòîä îòðèìàííÿ äàíèõ (ãëîáàëüíèé àíàëiç ó âè-
ãëÿäi îãëÿäiâ), êiëüêiñòü âèçíà÷åíèõ äàíèõ Ndata òà
iíòåðâàë ïåðåäàíèõ iìïóëüñiâ ∆p2, ó ÿêîìó çíàõîäè-
ëè çíà÷åííÿ åëåêòðè÷íèõ ôîðìôàêòîðiâ íóêëîíiâ.
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Â. I. ÆÀÁÀ

Ðiê Êîëàáîðàöiÿ Ïðîöåñ Ndata Iíòåðâàë ∆p2, (GeV/c)2 Ëiòåðàòóðà

1962 Orsay Ep 2 0.04088�0.11603 [47]

1963 Orsay Ep 4 0.01168�0.07788 [48]

1963 Global analysis Ep 45 0.0109�1.75219 [49]

1966 DESY Ep 9 4.08�9.59 [50]

1966 Orsay ed 3 0.11681�0.19469 [17]

1966 SLAC Ep 20 0.15575�0.85663 [51]

1967 DESY Ep 2 1.95�2.92 [52]

1970 SLAC Ep 5 0.99�3.74 [53]

1971 Bonn Ep 9 0.38938�1.94688 [54]

1971 CEA Ep 15 0.13�1.75 [55]

1973 DESY Ep 8 0.67�3.00 [56]

1973 CEA ed 6 0.27256�1.75219 [57]

1973 SLAC Ep 14 0.999�25.03 [58]

1974 SAL Ep 11 0.00584�0.03092 [59]

1975 Mainz Ep 10 0.01363�0.12265 [60]

1976 Empirical �ts Ep 31 0.00584�5.17869 [61]

1980 Mainz Ep 18 0.00545�0.05451 [62]

1992 SLAC Ep 8 1.75�8.83 [63]

1994 SLAC Ep 8 1.75�8.83 [64]

1994 SLAC Ep 4 1.0�3.007 [65]

2004 JLab Ep 7 0.65�5.2 [66]

2005 JLab Ep 3 2.64�4.1 [67]

2010 A1 Ep 77 0.0152�0.5524 [68, 69]

2017 MAMI Ep 22 0.00133�0.01548 [70]

Òàáë. 1. Åêñïåðèìåíòàëüíi âiäîìîñòi ïðî åëåêòðè÷íèé ôîðìôàêòîð ïðîòîíà GEp/GD

Table 1. Experimental data on the electric proton form factor GEp/GD

IV. ÐÎÇÐÀÕÓÍÊÈ

Çàóâàæèìî, ùî âêàçàíi àïðîêñèìàöiéíi çàëåæíîñòi
âèêîðèñòîâóâàëè äëÿ íàÿâíèõ íà òó ïîðó åêñïåðè-
ìåíòàëüíèõ äàíèõ içîñêàëÿðíèõ åëåêòðè÷íèõ ôîðì-
ôàêòîðiâ ïðîòîíà é íåéòðîíà. I ÷àñòî àíàëiç ðîáèëè
íå äëÿ øèðîêîãî êîëà ïðàöü, à òiëüêè äëÿ äåÿêèõ âè-
áðàíèõ ðîáiò, ùî íå îõîïëþâàëè åêñïåðèìåíòó çà áà-
ãàòüîõ ìàëèõ i âåëèêèõ çíà÷åíü ïåðåäàíîãî iìïóëüñó.
Íàïðèêëàä, ó ïðàöi [39] äëÿ àïðîêñèìàöi¨ GEn âèêî-
ðèñòàíî òiëüêè 7 ðîáiò [78, 82, 84�86, 89, 90]. Îäíàê iç
ïëèíîì ÷àñó òà îäåðæàííÿì íîâèõ àáî óòî÷íåíèõ åêñ-
ïåðèìåíòàëüíèõ äàíèõ àêòóàëüíèì ¹ îòðèìàííÿ ïàðà-
ìåòðiâ àïðîêñèìàöiéíèõ çàëåæíîñòåé äëÿ íóêëîííèõ
åëåêòðè÷íèõ ôîðìôàêòîðiâ ó øèðøîìó iíòåðâàëi iì-
ïóëüñiâ. Âåëè÷èíó χ2, ùî ïðèïàäà¹ íà ñòåïiíü âiëüíî-
ñòi, ðîçðàõîâóâàëè çãiäíî ç ôîðìóëîþ

χ2 =
1

N − p

N∑
i=1

(yi − f(xi; a1, a2, ldots, ap))
2
, (20)

äå N � êiëüêiñòü òî÷îê ìàñèâó yi åêñïåðèìåíòàëü-
íèõ çíà÷åíü åëåêòðè÷íèõ ôîðìôàêòîðiâ íóêëîíiâ; f
� àïðîêñèìóâàëüíà ôóíêöiÿ; a1,a2,. . . ,ap � ïàðàìå-
òðè ôóíêöi¨ f ; p � êiëüêiñòü ïàðàìåòðiâ. Çíà÷åííÿ

χ2 âèçíà÷à¹ìî íå òiëüêè ôîðìîþ àïðîêñèìóâàëüíî¨
ôóíêöi¨ f , àëå é êiëüêiñòþ ïàðàìåòðiâ ôóíêöi¨ f .

Ðåçóëüòàòè àïðîêñèìàöi¨ äëÿ åëåêòðè÷íèõ ôîðì-
ôàêòîðiâ ïðîòîíà GEp i íåéòðîíà GEN íàâåäåíî â
òàáë. 3 i 4 âiäïîâiäíî. Ôîðìóëè äëÿ àïðîêñèìàöi¨
ôîðìôàêòîðiâ êâàäðàòó ïåðåäàíîãî iìïóëüñó p2 íà-
âåäåíî â îäèíèöÿõ (GeV/c)2. Êiëüêiñòü åêñïåðèìåí-
òàëüíèõ çíà÷åíü åëåêòðè÷íèõ ôîðìôàêòîðiâ íóêëî-
íiâ GEp i GEN ñòàíîâèëî âiäïîâiäíî, 341 çãiäíî ç äà-
íèìè [17, 47�70] i 133 çãiäíî ç [17, 45, 49, 57, 71�94]
(äèâ. òàáë. 1 i 2).

Ç îãëÿäó íà ìiíiìàëüíi çíà÷åííÿ χ2 íàéêðàùèìè
àïðîêñèìàöiéíèìè çàëåæíîñòÿìè åêñïåðèìåíòàëüíèõ
äàíèõ äëÿ GEp ¹ ôîðìóëè (11), (16), (17), (18), à äëÿ
GEn � (12), (17) i (19). Çàçíà÷èìî, ùî âèðàçè (12) i
(14) äëÿ ôîðìôàêòîðà íåéòðîíà GEn âiäðiçíÿþòüñÿ
íà âåëè÷èíó ìàãíiòíîãî íåéòðîííîãî ìîìåíòó. Òîìó
íåìà¹ ïðèíöèïîâî¨ ðiçíèöi, ÿêó ç öèõ äâîõ çàëåæíî-
ñòåé âèêîðèñòîâóâàòè.

Äëÿ ïîäàëüøèõ ðîçðàõóíêiâ çàðÿäîâîãî ôîðìôà-
êòîðà äåéòðîíà ìîæíà ïîïàðíî âèáðàòè àïðîêñèìà-
öiéíi çàëåæíîñòi GEp i GEN. Òàêèõ ïàð ¹ ÷îòèðè: �t
1, �t2, �t3 i �t4 (òàáë. 5).
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ÅËÅÊÒÐÈ×ÍI ÔÎÐÌÔÀÊÒÎÐÈ ÍÓÊËÎÍIÂ I ÇÀÐßÄÎÂÈÉ ÔÎÐÌÔÀÊÒÎÐ ÄÅÉÒÐÎÍÀ

Ðiê Êîëàáîðàöiÿ Ïðîöåñ Ndata Iíòåðâàë ∆p2, (GeV/c)2 Ëiòåðàòóðà
1963 Global analysis Ep 21 0.03738�0.85663 [49]
1965 Mark III 2H(e, e′n)p 11 0.03894�1.16813 [71]
1966 Orsay ed 3 0.11681�0.19469 [17]
1966 CEA ed 7 0.389�3.89 [72]
1966 New York 2H(e, e′n)p 3 0.21416�0.56459 [73]
1973 CEA ed 6 0.27256�1.75219 [57]
1990 Saclay ed 43 0.01618�0.70228 [74]
1991 MIT-Bates 3He(e, e′) 1 0.16 [75]
1992 MIT-Bates 3He(e, e′) 1 0.20 [76]
1993 SLAC ed 4 1.75-4.0 [77]
1994 Bates 2H(e, e′n)p 1 0.255 [78]
1994 MAMI 3He(e, e′n)pp 1 0.31 [79]
1995 ELSA 2H(e, e′n)p; 2H(e, e′p)n 4 0.125-0.605 [80]
1999 MAMI 3He(e, e′n)pp 1 0.4 [81]
1999 Mainz 2H(e, e′n)p 1 0.15 [82]
1999 MAMI 2H(e, e′n)p 1 0.34 [83]
1999 NIKHEF 2H(e, e′n)p 1 0.21 [84]
1999 MAMI 3He(e, e′n)pp 1 0.67 [85]
2001 MAMI 3He(e, e′n)pp 1 0.40 [86]
2001 JLab 2H(e, e′n)p 1 0.495 [87]
2003 MAMI 3He(e, e′n)pp 1 0.67 [88]
2003 JLab E93-038 2H(e, e′n)p 3 0.447�1.45 [89]
2004 JLab E93-026 2H(e, e′n)p 2 0.5�1.0 [90]
2005 Mainz 2H(e, e′n)p 3 0.30�0.79 [91]
2006 JLab E93-038 2H(e, e′n)p 3 0.447�1.450 [92]
2008 BLAST 2H(e, e′n)p 4 0.142�0.415 [45]
2010 JLab 3He(e, e′n)pp 3 1.72�3.41 [93]
2012 A1 3He(e, e′n)pp 1 1.58 [94]

Òàáë. 2. Åêñïåðèìåíòàëüíi âiäîìîñòi ïðî åëåêòðè÷íèé ôîðìôàêòîð íåéòðîíà GEN

Table 2. Experimental data on the electric neutron form factor GEN

Ìîäåëü χ2 Ïàðàìåòðè
(11) 0.00120889 a1 = 0.000791693

(14) 0.00143785
a1 = 4.46263 · 1016; b1 = 4.4732 · 1016;
b2 = 4.85644 · 1017; b3 = 7.53499 · 1017

(15) 0.00133431 b1 = −0.0296968; b2 = 3.52418; b3 = −1.07642; b4 = 2.02107

(16) 0.00112985 a1 = −0.112904; b1 = 11.1565; b2 = 10.2974; b3 = 9.53786

(17) 0.00112368
a10 = 0.0231808; a11 = 0.0455478; a20 = 0.979969; a21 = 0.710348;

ab = 0.0269526; bb = −0.9808; σb = 0.18956

(18) 0.00112821 a1 = 1.15296; a2 = 2.78089; a3 = 0.277749

Òàáë. 3. Ðåçóëüòàòè àïðîêñèìàöi¨ äëÿ åëåêòðè÷íîãî ôîðìôàêòîðó ïðîòîíà GEp

Table 3. Approximation results for the electric proton form factor GEp

Ìîäåëü χ2 Ïàðàìåòðè
(12) 0.00423562 a = 0.815408; b = 0.017719

(14) 0.00423562 A = 1.55988; B = 0.017719

(16) 0.00437727
a1 = 20.2172; a2 = −17.8689; b1 = 332.564;
b2 = −499.444; b3 = 408.343; b4 = −203.484

(17) 0.00420394
a10 = −4.85459; a11 = 2.29676; a20 = 4.89694; a21 = 2.37031;

ab = 0.00271311; bb = −1.14659; σb = 17.0275

(19) 0.00420653 a1 = −0.114427; a2 = 0.157964; b1 = 1.62433; b2 = 6.02461

Òàáë. 4. Ðåçóëüòàòè àïðîêñèìàöi¨ äëÿ åëåêòðè÷íîãî ôîðìôàêòîðó íåéòðîíà GEN

Table 4. Approximation results for the electric neutron form factor GEN
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Â. I. ÆÀÁÀ

Ìîäåëü: GEp, GEN rEp, fm r2EN, fm
2

�t 1: (11), (12) 0.811104 −0.10349

�t 2: (16), (12) 0.864081 −0.10349

�t 3: (17), (17) 0.939401 −0.0235657

�t 4: (18), (19) 0.859767 −0.0206662

AdS/QCD [95] 0.832 −0.116

Kelly �t [39] 0.863 −0.112

Åêñïåðèìåíò [96] 0.84087 −0.1161

Òàáë. 5. Çàðÿäîâèé ðàäióñ íóêëîíiâ
Table 5. The charge radius of the nucleons

Ùîá ïåðåâiðèòè ÿêîñòi àïðîêñèìàöi¨ åëåêòðè÷íèõ
ôîðìôàêòîðiâ íóêëîíiâ, ìîæíà ðîçðàõóâàòè çàðÿäî-
âèé ðàäióñ ïðîòîíà é íåéòðîíà âiäïîâiäíî [95]:

rEp =

√
−6

dGEp(p2)

dp2

∣∣∣∣
p2=0

; (21)

r2EN = −6
dGEN(p2)

dp2

∣∣∣∣
p2=0

. (22)

Ðåçóëüòàòè ðîçðàõóíêiâ çàðÿäîâîãî ðàäióñà íóêëî-
íiâ íàâåäåíî â òàáë. 5. �õ ïîðiâíÿíî ç òåîðåòè÷íèìè
ðîçðàõóíêàìè â ïiäõîäi ì'ÿêîñòiííî¨ àíòèäå ñiòòåðiâ-
ñüêî¨ êâàíòîâî¨ õðîìîäèíàìiêè (AdS/QCD) [95] i äëÿ
Kelly- ïàðàìåòðèçàöi¨ [39]. Áëèçüêèìè äî åêñïåðèìåí-
òàëüíèõ äàíèõ [96] ¹ çíà÷åííÿ, îòðèìàíi çà �t 1 i �t 2.
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Ðèñ. 1. Içîñêàëÿðíèé åëåêòðè÷íèé ôîðìôàêòîð ïðîòîíà
GEp, çìåíøåíèé íà íóêëîííèé ôîðìôàêòîð GD

Fig. 1. The isoscalar electric form factors of the proton GEp,
reduced on the nucleon form factor GD

Çâåðòà¹ìî óâàãó íà òå, ùî íåìîæëèâî êîðåêòíî âè-
çíà÷èòè çàðÿäîâèé ðàäióñ ïðîòîíà äëÿ (14) i (15). Öå
ïîâ'ÿçàíî ç ïîÿâîþ ñèí óëÿðíîñòi ïiä ÷àñ ¨õ äèôåðåí-
öiþâàííÿ.
Íà ðèñ. 1 íàâåäåíî åêñïåðèìåíòàëüíi äàíi åëåêòðè-

÷íîãî ôîðìôàêòîðà ïðîòîíà GEp [17, 47�70], çìåíøå-
íîãî íà íóêëîííèé ôîðìôàêòîð GD. Òóò âèêîðèñòàíi

àïðîêñèìàöi¨ (11), (16), (17) i (18). Âiçóàëüíî âèäíî,
ùî áiëüøiñòü åêñïåðèìåíòàëüíèõ òî÷îê (çà âèíÿòêîì
òiëüêè øåñòè äàíèõ) ðîçòàøîâàíi íà äåÿêié ïðÿìié.
Äîöiëüíèìè ¹ åêñïåðèìåíòàëüíi âèìiðþâàííÿ GEp ó
òèõ äiëÿíêàõ iìïóëüñiâ, äå âiäñóòíi àáî ìàëî äàíèõ.
Ïåðåäóñiì öå ñòîñó¹òüñÿ p > 5 (GeV/c)2.

0,1 1

0,01

0,1

 Exp
 (12),(14)
 (16)
 (17)
 (19)

G
E
n(
p)

p

Ðèñ. 2. Içîñêàëÿðíèé åëåêòðè÷íèé ôîðìôàêòîð íåéòðîíà
GEN

Fig. 2. The isoscalar electric form factors of the neutron GEN

Íà ðèñ. 2 ïîêàçàíî åêñïåðèìåíòàëüíi äàíi åëåêòðè-
÷íîãî ôîðìôàêòîðà íåéòðîíà GEn [17, 45, 49, 57, 71�
94], ùî áóëè àïðîêñèìîâàíi çà äîïîìîãîþ çàëåæíî-
ñòåé (12), (17) i (19). Äëÿ íàî÷íî¨ äåìîíñòðàöi¨ ði-
çíèöi àïðîêñèìàöiéíèõ çàëåæíîñòåé ðèñ. 2 çðîáëå-
íî â ëîãàðèôìi÷íîìó ìàñøòàái. Áiëüøiñòü åêñïåðè-
ìåíòàëüíèõ äàíèõ çîñåðåäæåíà â äiëÿíöi äî iìïóëüñó
p = 1 (GeV/c)2.

Ìîäåëü Reid93 CD-Bonn DDM

�t 1 0.000122570 0.000181706 0.000141379

�t 2 0.000097582 0.000150745 0.000142558

�t 3 0.000158449 0.000225513 0.000157999

�t 4 0.000144903 0.000205025 0.000155571

Òàáë. 6. Çíà÷åííÿ χ2 äëÿ GC

Table 6. The values χ2 for GC

Íàñòóïíèì åòàïîì íàøîãî äîñëiäæåííÿ ¹ çàñòî-
ñóâàííÿ îòðèìàíèõ âèùå íàéêðàùèõ àïðîêñèìàöié-
íèõ çàëåæíîñòåé íóêëîííèõ ôîðìôàêòîðiâ GEp i GEn

äëÿ ðîçðàõóíêó çàðÿäîâîãî ôîðìôàêòîðà äåéòðîíà
GC(p). Íèìè áóäóòü äâà íàáîðè àïðîêñèìàöié äëÿ
ôîðìôàêòîðiâ GEp i GEn: (11) i (12) � öå �t 1; (16) i
(12) � öå �t 2. Öåé âèáið ìîòèâîâàíèé òèì, ùî çãiäíî ç
òàáë. 6 íàéìåíøå χ2 ñàìå äëÿ �t1 i �t2. Íà ðèñ. 3 ïðî-
iëþñòðîâàíî òåîðåòè÷íi ðîçðàõóíêè äëÿ ïîòåíöiàëiâ
Reid93 [12, 13] i CD-Bonn [14], à òàêîæ äëÿ �îäÿãíåíî¨�
äèáàðiîííî¨ ìîäåëi (DDM) [15]. ä Çàóâàæèìî, ùî äëÿ
àïðîêñèìàöi¨ ÷èñåëüíèõ çíà÷åíü ÕÔÄ â êîîðäèíàòíî-
ìó ïðåäñòàâëåííi äëÿ ïîòåíöiàëó Reid93 âèêîðèñòàíî
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òàêi ôîðìè: [97, 98]
u(r) = r

N∑
i=1

Ai exp(−air),

w(r) = r2
N∑
i=1

Bi exp(−bir).
(23)

Êiëüêiñòü äîäàíêiâ ðîçêëàäiâ N âèáèðàëè îïòè-
ìàëüíèìè, ùîá îäåðæàíà ÕÔÄ çàäîâîëüíÿëà ñòàòè-
÷íi ïàðàìåòðè äåéòðîíà.
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Ðèñ. 3. Çàðÿäîâèé äåéòðîííèé ôîðìôàêòîð GC(p)

Fig. 3. The deuteron charge form factor GC(p)
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Ðèñ. 4. Âòîðèííèé ìàêñèìóì äëÿ çàðÿäîâîãî ôîðìôàêòî-
ðó GC

Fig. 4. The secondary maximum for the deuteron charge form
factor GC

Òàêîæ ïðîâåäåíî ïîðiâíÿííÿ òåîðåòè÷íèõ ðîçðà-
õóíêiâ çàðÿäîâîãî ôîðìôàêòîðà äåéòðîíà GC(p) ç
76 åêñïåðèìåíòàëüíèìè äàíèìè ïðîâiäíèõ êîëàáîðà-
öié Orsay [17], Bates [18, 19], JLab [20], NIKHEF [21],
VEPP3 [22�24], BLAST [25, 26] òà îãëÿäiâ Boden [27],
Garcon [19] i Abbott [7].
ßêùî çàðÿäîâèé ôîðìôàêòîð äåéòðîíà GC(p) çî-

áðàçèòè â ëiíiéíîìó ìàñøòàái (äèâ. âðiçêó íà ðèñ. 3),
òî áóäå ÷iòêî âèäíî òàê çâàíèé �âòîðèííèé ìàêñè-
ìóì� [7]. Öå îñîáëèâà äiëÿíêà (çîíà)ïåðåãèíó âåëè-
÷èíè GC(p). Ó çîíi âòîðèííîãî ìàêñèìóìó ¹ òî÷êà
ïåðåòèíó øêàëè iìïóëüñiâ i çàðÿäîâîãî ôîðìôàêòîðà
(öþ âåëè÷èíó p0 íàçèâàþòü �íóëåì� (zero) [99] àáî �âó-
çëîì� (node) [7]). Åêñïåðèìåíòàëüíî âñòàíîâëåíî, ùî

âåëè÷èíà GC(p) ìiíÿ¹ çíàê (ç äîäàòíîãî íà âiä'¹ìíå
çíà÷åííÿ) â iíòåðâàëi iìïóëüñiâ 3.78�4.09 fm−1 çãiäíî
ç äàíèìè JLab [20], 4.22�4.62 fm−1 äëÿ Bates [18, 19],
4.20357�4.64327 fm−1 äëÿ VEPP3 [22�24]. Óñi çíà÷åí-
íÿ GC(p) âèêëþ÷íî âiä'¹ìíi â iíòåðâàëi 4.0889-6.6405
fm−1 äëÿ êîëàáîðàöi¨ JLab [20].
ßê çàçíà÷åíî â [19], ïîçèöiÿ íóëÿ p0 äëÿ çàðÿäîâî-

ãî ôîðìôàêòîðà äåéòðîíà GC ïîâ'ÿçàíà ç âiäøòîâ-
õóâàëüíèì õàðàêòåðîì NN -âçà¹ìîäi¨ íà ìàëèõ âiä-
ñòàíÿõ. Çãiäíî ç äîñëiäæåííÿìè â [11], áëèçüêèìè
äî åêñïåðèìåíòàëüíîãî çíà÷åííÿ ïîçèöi¨ íóëÿ p0 =
4.11− 4.39 fm−1, ¹ äàíi, îäåðæàíi äëÿ Reid93 i NijmII
ïîòåíöiàëiâ, à â öèòîâàíèõ äæåðåëàõ � äëÿ ìîäåëåé
Bonn-B, OBEPF, Moscow, äëÿ äâîêîìïîíåíòíî¨ ìîäå-
ëi åëåêòðîìàãíiòíî¨ ñòðóêòóðè äåéòðîíà i äëÿ 5 íå-
ðåëÿòèâiñòñüêèõ ðîçðàõóíêiâ, ùî âêëþ÷àþòü åôåêòè
ìåçîíîîáìiííèõ ñòðóìiâ.
Ó öié ïðàöi ðîçðàõîâàíà ïîçèöiÿ íóëÿ ðîçòàøîâà-

íà ïðè çíà÷åííÿõ iìïóëüñó p0=4.60 fm−1 äëÿ ïîòåí-
öiàëó Reid93, p0=5.05 fm−1 äëÿ ïîòåíöiàëó CD-Bonn
i p0=4.45 fm−1 äëÿ ìîäåëi DDM. Î÷åâèäíî, ùî äëÿ
îäíîãî ïîòåíöiàëó ïîçèöiÿ íóëÿ çáiãà¹òüñÿ íåçàëåæíî
âiä âèáîðó àïðîêñèìàöié äëÿ íóêëîííèõ åëåêòðè÷íèõ
ôîðìôàêòîðiâ.
Îäåðæàííÿ íóëÿ p0 i çìiíà çíàêà ôîðìôàêòîðà

GC(p) ó òåîðåòè÷íèõ ðîçðàõóíêàõ çóìîâëåíi îñîáëè-
âîñòÿìè iíòå ðàëà (4). Îêðiì ÕÔÄ â êîîðäèíàòíîìó
çîáðàæåííi, â iíòå ðàëi (4)íàÿâíà ñôåðè÷íà ôóíêöiÿ
Áåññåëÿ íóëüîâîãî ïîðÿäêó j0(pr/2).
Ó[7] âòîðèííèé ìàêñèìóì äëÿ GC(p) äóæå ïëîñêèé,

òîìó éîãî ðîçòàøóâàííÿ (5.3±0.5 fm−1) âèçíà÷à¹òüñÿ
íå äóæå òî÷íî.
Íà ðèñ. 4 âòîðèííèé ìàêñèìóì äëÿ çàðÿäîâîãî

ôîðìôàêòîðà GC(p) äëÿ ïîòåíöiàëó Reid93 áóäå ðîç-
òàøîâàíèé â çîíi iìïóëüñiâ çà p = 5.60 − 5.75 fm−1

äëÿ ôîðìôàêòîðiâ íàáîðó �t 1 i p = 5.60 − 5.80 fm−1

äëÿ �t 2. Çàëåæíî âiä âèáðàíèõ íóêëîííèõ åëåêòðè-
÷íèõ ôîðìôàêòîðiâ ÷èñåëüíå çíà÷åííÿ GC(p) äëÿ ïî-
òåíöiàëó Reid93 ñòàíîâèòü âiä −0.00265 (äëÿ �t 1)
i −0.00281 (äëÿ �t 2). Àíàëîãi÷íî ìîæíà âèçíà÷è-
òè ÷èñåëüíi çíà÷åííÿ âòîðèííîãî ìàêñèìóìó äëÿ ïî-
òåíöiàëó CD-Bonn (çà p = 6.00 − 6.35 fm−1 ñòàíî-
âèòü −0.00134 äëÿ �t 1 i çà p = 6.10 − 6.40 fm−1

ñòàíîâèòü −0.00142 äëÿ �t 2) i äëÿ ìîäåëi DDM (çà
p = 5.45− 5.60 fm−1 ñòàíîâèòü −0.00293 äëÿ �t 1 i çà
p = 5.55− 5.65 fm−1 ñòàíîâèòü −0.00311 äëÿ �t 2).
Çãiäíî ç àíàëiçîì óêàçàíèõ ÷èñåëüíèõ çíà÷åíü âòî-

ðèííîãî ìàêñèìóìó ¹ î÷åâèäíèì òîé ôàêò, ùî ïðè
çàñòîñóâàííi åëåêòðè÷íèõ ôîðìôàêòîðiâ íóêëîíiâ �t
2 (ïîðiâíÿíî ç ðåçóëüòàòàìè äëÿ �t 1) âòîðèííèé ìà-
êñèìóì ðîçòàøîâàíèé ïðàâiøå âiä ïîçèöi¨ íóëÿ i ðîç-
òàøîâàíèé �ãëèáøå�.
Îòðèìàíèé âòîðèííèé ìàêñèìóì äëÿ ïîòåíöiàëiâ

Reid93 i CD-Bonn òà äëÿ ìîäåëi DDM ó öié ðîáîòi
ñïiâðîçìiðíèé ç âåëè÷èíàìè âòîðèííèõ ìàêñèìóìiâ â
iíòåðâàëi iìïóëüñiâ çà 5.27− 6.21 fm−1 äëÿ MT, Paris,
NijmII, NijmI, CD-Bonn ïîòåíöiàëiâ [100] i çà 4.7 −
5.5 fm−1 äëÿ Moscow, NijmII, Paris, NijmI, CD-Bonn
ïîòåíöiàëiâ [101].
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Â. I. ÆÀÁÀ

Ïîòåíöiàë àáî ìåòîä âèçíà÷åííÿ rch, fm Ëiòåðàòóðà

Reid93 �t 1 2.10320 öÿ ïðàöÿ

Reid93 �t 2 2.12418 öÿ ïðàöÿ

DDM �t 1 2.12267 öÿ ïðàöÿ

DDM �t 2 2.14347 öÿ ïðàöÿ

CD-Bonn �t 1 2.08639 öÿ ïðàöÿ

CD-Bonn �t 2 2.10754 öÿ ïðàöÿ

OBEPQ-A 2.1120 [102]

OBEPQ-B 2.1121 [102]

OBEPQ-C 2.1112 [102]

RSC 2.1249 [103]

Paris 2.1372 [103]

Wood�Saxon 2.1161(4) [104]

Conv. 2.119 [10]

χEFT 2.126(4) [10]

CST 2.085 [10]

GWU PWA 2.124(6) [105]

Nijm PWA93 2.135(6) [105]

ed-ðîçñiÿííÿ 2.128(11) [106]

ed-ðîçñiÿííÿ 2.130(10) [107]

ed-ðîçñiÿííÿ 2.130(10) [108]

âèìiðþâàííÿ Ëåìáîâîãî çñóâó 2.12710(82) [109]

Òàáë. 7. Ñåðåäíüîêâàäðàòè÷íèé çàðÿäîâèé ðàäióñ äåéòðîíà rch
Table 7. The root-mean-square charge deuteron radius rch

Ïîòåíöiàë àáî ìåòîä âèçíà÷åííÿ rstr, fm

Reid93 �t 1 1.95854

Reid93 �t 2 1.95853

DDM �t 1 1.97943

DDM �t 2 1.97943

CD-Bonn �t 1 1.94048

CD-Bonn �t 2 1.94047

χEFT [110] 1.9731

GWU PWA [105] 1.9619

Nijm PWA93 [105] 1.9734

Òàáë. 8. Ñòðóêòóðíèé ðàäióñ äåéòðîíà rstr
Table 8. The structural deuteron radius rstr

Ïiñëÿ çíà÷åííÿ ïîçèöi¨ íóëÿ p0 íàéêðàùå óçãîäæå-
ííÿ òåîðåòè÷íèõ ðåçóëüòàòiâ ç åêñïåðèìåíòîì íàÿâíå
äëÿ ðîçðàõóíêiâ DDM �t 2, DDM �t 1 i Reid93 �t 2 çà
iìïóëüñiâ p = 4.62− 6.64 fm−1.
Çíàþ÷è çíà÷åííÿ ïåðøî¨ ïîõiäíî¨ çàðÿäîâîãî ôîðì-

ôàêòîðà äåéòðîíà GC(p), ìîæíà âèçíà÷èòè ñåðåäíüî-
êâàäðàòè÷íèé çàðÿäîâèé ðàäióñ äåéòðîíà [9, 102]

rch =

√
−6

dGC(p2)

dp2

∣∣∣∣
p2=0

. (24)

Îòðèìàíå çíà÷åííÿ rch (òàáë. 7) ïîðiâíÿëè ç òåîðåòè-
÷íèìè ðîçðàõóíêàìè äëÿ iíøèõ ïîòåíöiàëiâ i ïiäõî-
äiâ [102�105] é åêñïåðèìåíòàëüíèìè äàíèìè äëÿ ïðó-
æíîãî åëåêòðîí-äåéòðîííîãî ðîçñiÿííÿ [106�108] i âè-

ìiðþâàííÿ Ëåìáîâîãî çñóâó [109]. Íàÿâíå î÷åâèäíå
óçãîäæåííÿ òiëüêè äëÿ ðîçðàõóíêiâ iç íàáîðîì íó-
êëîííèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ �t1. Ùî áiëüøå
çíà÷åííÿ rch äëÿ îäíîãî é òîãî æ ñàìîãî ïîòåíöiàëó
(÷è ìîäåëi), òî ãëèáøå ¹ âòîðèííèé ìàêñèìóì (ðèñ.
4). Ñïiëüíîþ îñîáëèâiñòþ ðîçðàõîâàíèõ ó öié ïðàöi
çàðÿäîâîãî ðàäióñà äåéòðîíà rch ¹ òå, ùî çà âèáîðó
åëåêòðè÷íèõ ôîðìôàêòîðiâ �t 2 âåëè÷èíà rch áóäå
áiëüøîþ íà 1 âiäñîòîê ïîðiâíÿíî ç ðîçðàõóíêàìè çà
�t 1.
Iç ïîãëÿäó ÿäåðíî¨ ôiçèêè, çàðÿäîâèé ðàäióñ äåé-

òðîíà rch çàáåçïå÷ó¹ äîñòóï äî âíóòðiøíüî¨ ñòðóêòó-
ðè äåéòðîíà ÷åðåç éîãî ñòðóêòóðíèé ðàäióñ rstr, ÿêèé
îòðèìó¹ìî ç rch âiäíiìàííÿì âíåñêiâ çàðÿäîâèõ ðà-
äióñiâ îêðåìèõ íóêëîíiâ rEp, rEn òà ðåëÿòèâiñòñüêî¨
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êîðåêöi¨ Äàðâiíà�Ôîëäi [110]

r2str = r2ch − r2Ep − r2EN −
3

4m2
p

. (25)

Îòðèìàíå çíà÷åííÿ ñòðóêòóðíîãî ðàäióñà ç âèêî-
ðèñòàííÿì äâîõ íàáîðiâ àïðîêñèìàöié åëåêòðè÷íèõ
ôîðìôàêòîðiâ íóêëîíiâ ïîðiâíÿëè ç âåëè÷èíàìè äëÿ
êiðàëüíî¨ åôåêòèâíî¨ òåîði¨ (χEFT) [110] i ïàðöiàëü-
íèì õâèëüîâèì àíàëiçîì [105]. ßê ïîêàçó¹ àíàëiç äà-
íèõ (òàáë. 8), âîíè äîáðå óçãîäæóþòüñÿ ìiæ ñîáîþ.

V. ÂÈÑÍÎÂÊÈ

1. Ïðîâåäåíî îãëÿä îñíîâíèõ àïðîêñèìàöiéíèõ çà-
ëåæíîñòåé äëÿ içîñêàëÿðíèõ åëåêòðè÷íèõ ôîðìôà-
êòîðiâ ïðîòîíà GEp i íåéòðîíà GEN. Àíàëiçóþòüñÿ
îñîáëèâîñòi ¨õ îòðèìàííÿ i íàñòóïíîãî çàñòîñóâàííÿ
äëÿ àïðîêñèìàöi¨ ïî åêñïåðèìåíòàëüíèì äàíèì.
2. Âèêîðèñòîâóþ÷è àïðîêñèìàöiéíi çàëåæíîñòi,

îäåðæàëè âiäïîâiäíi ïàðàìåòðè äëÿ ôîðìôàêòîðiâ
GEp i GEn. Çàãàëîì âîíè äîñèòü äîáðå âiäîáðàæà-
þòü íàÿâíi åêñïåðèìåíòàëüíi äàíi. Íàéêðàùèìè ïà-
ðàìåòðèçàöiÿìè äëÿ îïèñó åêñïåðèìåíòàëüíèõ äàíèõ
åëåêòðè÷íîãî ôîðìôàêòîðà ïðîòîíà GEp ¹ çàïèñè ó
âèãëÿäi ïîëiíîìà (11) [2] òà âiäíîøåííÿ ïîëiíîìiâ
(16) [41]. Åêñïåðèìåíòàëüíi âèìiðþâàííÿ åëåêòðè÷íî-
ãî ôîðìôàêòîðà íåéòðîíà GEn íàéêðàùå ïåðåäà¹ âè-
êëþ÷íî ïàðàìåòðèçàöiÿ �àëñòåðà [36], ùî ïðåäñòàâ-
ëåíà ó âèãëÿäi (12). Íà îñíîâi öüîãî áóëè ñôîðìîâàíi
äâi ïàðè íóêëîííèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ �t 1 i
�t 2. Äëÿ ïåðåâiðêè ÿêîñòi àïðîêñèìàöi¨ åëåêòðè÷íèõ
ôîðìôàêòîðiâ íóêëîíiâ âèçíà÷åíî çàðÿäîâi ðàäióñè
ïðîòîíà rEp i íåéòðîíà rEn.
3. Çà íàéêðàùèìè îòðèìàíèìè àïðîêñèìàöiéíèìè

çàëåæíîñòÿìè äëÿ ôîðìôàêòîðiâ GEp i GEn i õâè-

ëüîâèìè ôóíêöiÿìè äåéòðîíà â êîîðäèíàòíîìó çîáðà-
æåííi äëÿ ïîòåíöiàëiâ Reid93 i CD-Bonn òà ìîäåëi
DDM ðîçðàõîâàíî çàðÿäîâèé ôîðìôàêòîð äåéòðîíà
GC(p). Îäåðæàíi òåîðåòè÷íi çíà÷åííÿ ôîðìôàêòîðà
äåéòðîíà GC(p) ïîðiâíÿëè ç åêñïåðèìåíòàëüíèìè äà-
íèìè ïðîâiäíèõ êîëàáîðàöié òà îãëÿäiâ.

4. Çàëåæíî âiä âèáðàíèõ íóêëîííèõ åëåêòðè÷íèõ
ôîðìôàêòîðiâ �t 1 àáî �t 2 âòîðèííèé ìàêñèìóì äëÿ
çàðÿäîâîãî ôîðìôàêòîðà äåéòðîíà GC(p) áóäå ðîçòà-
øîâàíèé â çîíi iìïóëüñiâ p=5.60-5.80 fm−1 äëÿ ïîòåí-
öiàëó Reid93, p=6.00-6.40 fm−1 äëÿ ïîòåíöiàëó CD-
Bonn i p=5.45-5.65 fm−1 äëÿ ìîäåëi DDM. Ðîçðàõîâà-
íà ïîçèöiÿ íóëÿ p0 ðîçòàøîâàíà çà iìïóëüñiâ p0=4.60
fm−1 äëÿ ïîòåíöiàëó Reid93, p0=5.05 fm−1 äëÿ ïî-
òåíöiàëó CD-Bonn i p0=4.45 fm−1 äëÿ ìîäåëi DDM.
×èñåëüíå çíà÷åííÿ ñåðåäíüîêâàäðàòè÷íîãî çàðÿäîâî-
ãî ðàäióñà äåéòðîíà rch áóäå ìåíøèì íà 1% çà âèáîðó
íóêëîííèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ íàáîðó �t 1.
Îòðèìàíèé íà îñíîâi ðîçðàõóíêiâ çàðÿäîâèõ ðàäióñiâ
äåéòðîíà rch i íóêëîíiâ rEp, rEn ñòðóêòóðíèé ðàäióñ
äåéòðîíà rstr äîáðå óçãîäæó¹òüñÿ ç ðåçóëüòàòàìè öè-
òîâàíèõ ðîáiò.

5. Îäåðæàíi ïàðàìåòðè àïðîêñèìàöiéíèõ çàëåæíî-
ñòåé äëÿ içîñêàëÿðíèõ åëåêòðè÷íèõ ôîðìôàêòîðiâ
íóêëîíiâ ìîæíà çàñòîñóâàòè äëÿ ðîçðàõóíêó ñòðó-
êòóðíèõ ôóíêöié A(p), B(p) [2], êîìïîíåíò òåíçîð-
íî¨ òà âåêòîðíî¨ äåéòðîííèõ ïîëÿðèçàöié tij(p) [2],
òåíçîðíî¨ àíàëiçóþ÷î¨ çäàòíîñòi Ayy [3] òà iíøèõ ïî-
ëÿðèçàöiéíèõ ñïîñòåðåæóâàíèõ. Àëå äëÿ öüîãî íåîá-
õiäíî âèêîðèñòîâóâàòè âiäîìi çàëåæíîñòi äëÿ ìàãíi-
òíèõ ôîðìôàêòîðiâ íóêëîíiâ àáî ñàìîñòiéíî îòðèìà-
òè äëÿ íèõ âiäïîâiäíi àïðîêñèìàöiéíi ñïiââiäíîøåííÿ.
Òàêîæ ïîòðiáíî çâåðíóòè óâàãó íà îñîáëèâîñòi âèçíà-
÷åííÿ âiäíîøåííÿ äåéòðîííèõ ôîðìôàêòîðiâ GC/GQ

i GC/GM [26, 111].
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The study reviews basic approximation dependences for the isoscalar electric form factors of the
proton GEp and the neutron GEN. The peculiarities of their obtaining and subsequent application for
approximation by experimental data are analyzed. The basic experimental data of nucleon electric form
factors are described. Using the approximation dependences of this review, corresponding parameters
were obtained for the electric form factors of the nucleons GEp and GEN. In most cases, they generally
describe the experimental data fairly well. The best parameterizations for describing experimental data of
the electric proton form factor GEp are polynomials and polynomial ratios. Experimental measurements
of the electric neutron form factor GEN are best described by the Galster parameterization. The quality
of the approximation for the electric nucleon form factors is controlled by determining the charge radius
of proton rEp and neutron rEN. According to the approximation dependences of the electric nucleon
form factors and the deuteron wave functions in the coordinate representation for Reid93 and CD-Bonn
potentials and DDM model, the deuteron charge form factor GC(p) is calculated. The theoretical values
of the form factor GC(p) are compared with the experimental data of the leading collaborations and
reviews. Depending on the choice of electric nucleon form factors, the secondary maximum for the deuteron
charge form factor GC(p) is located for Reid93 potential in the momentum range at p = 5.60�5.80 fm−1,
for CD-Bonn potential at p = 6.00�6.40 fm−1 and for model DDM at p = 5.45�5.65 fm−1. The zero
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position is located at the momentum p0 = 4.60 fm−1 for Reid93 potential, p0 = 5.05 fm−1 for CD-Bonn
potential and p0 = 4.45 fm−1 for DDM model. The numerical values of the root-mean-square charge
rch and the structural rstr deuteron radius are in good agreement with the results of experimental and
other theoretical data. Using the obtained parameters of approximation dependences for isoscalar nucleon
electric form factors and known magnetic nucleon form factors, in further studies we can calculate the
structure functions A(p), B(p), the components of tensor and vector deuteron polarizations tij(p), and
tensor analyzing power Ayy and other polarization observables.

Key words: nucleon, deuteron, form factor, radius, wave function, approximation.
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